Characterization of Alaskan modified asphalt binders and mixtures by Liu, Jun
Scholars' Mine 
Doctoral Dissertations Student Theses and Dissertations 
Spring 2021 
Characterization of Alaskan modified asphalt binders and 
mixtures 
Jun Liu 
Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations 
 Part of the Civil Engineering Commons 
Department: Civil, Architectural and Environmental Engineering 
Recommended Citation 
Liu, Jun, "Characterization of Alaskan modified asphalt binders and mixtures" (2021). Doctoral 
Dissertations. 2975. 
https://scholarsmine.mst.edu/doctoral_dissertations/2975 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 





Presented to the Graduate Faculty of the 
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY 
In Partial Fulfillment of the Requirements for the Degree 





Dr. Jenny Liu, Advisor 
Dr. Yuhong Wang 
Dr. Baojun Bai 







This dissertation consists of the following five articles, formatted in the style used 
by the Missouri University of Science and Technology:
Paper I, found on pages 8-43, has been submitted to ASCE Journal o f 
Transportation Engineering, Part B: Pavement Engineering.
Paper II, found on pages 44-75, has been published in ASCE Journal o f Materials 
in Civil Engineering.
Paper III, found on pages 76-113, has been published in Construction and 
Building Materials.
Paper IV, found on pages 114-154, has been published in ASCE Journal o f 
Materials in Civil Engineering.
Paper V, found on pages 155-180, is intended for submission to ASCE Journal of 
Materials in Civil Engineering.
iv
ABSTRACT
Modified asphalt binders and mixtures have been used more in recent years in 
Alaska. However, there has not been systematic characterization and performance data 
development for these materials. This study intends to systematically characterize the 
Alaskan asphalt binders and mixtures and identify the performance benefits of these 
materials through laboratory tests and field sections monitoring. The research contains 
five sections: 1) a comprehensive characterization on the morphologies, chemical and 
rheological properties of modified asphalt binders and mechanical properties of asphalt 
mixtures with these modified asphalt binders. The lab testing results were further 
confirmed through field surveys of recent paving projects constructed in Alaska and data 
from pavement sections in long-term pavement performance database. 2) an investigation 
on the applicability of the multiple stress creep recovery (MSCR) tests to evaluate the 
rutting resistance of Alaskan modified asphalt binders. Within the scope of the study, 
significance of MSCR key testing factors was assessed through four test methods with 
different testing protocols and procedures. 3) an evaluation of cracking susceptibility of 
Alaskan modified asphalt binders using various chemical and rheological indices. 4) an 
investigation on the connections between the chemical changes by oxidation with the 
rheological parameters. 5) A study to characterize the fatigue behaviors of the Alaskan 
highly polymerized asphalt binders using newly developed linear amplitude sweep (LAS) 
test with viscoelastic continuum damage (VECD) model.
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1. INTRODUCTION
1.1. PROBLEM STATEMENT
Neat, unmodified PG52-28 asphalt binder has been widely used in Alaska. 
However, experience indicates that hot- mix asphalt (HMA) produced with this neat 
binder may not be adequate for the various Alaskan climatic conditions. In recent years, 
modified asphalt binders have been used in many paving projects. However, data is 
lacking in terms of materials characterization and field performance monitoring of these 
modified asphalt binders and mixtures. It is essential to properly characterize the 
performance of the modified asphalt binders as well as the resulting HMA in both the 
laboratory and the field (Liu and Liu 2019).
Characterization methods and tests for modified asphalt binders have evolved 
along with its increased use. Since the Superpave performance grading (PG) was 
developed as part of Superpave system (Anderson & Kennedy 1993), modification efforts 
have focused on increasing the PG grades of asphalt binder at various situations. The 
Superpave binder tests, therefore, were generally adopted to characterize both neat and 
modified binders. However, a number of studies indicated that the Superpave PG grading 
system does not reveal adequate information about modified asphalt binders in terms of 
potential performance. Extensive efforts were conducted for better characterization of 
modified asphalt binders. Multiple stress creep recovery (MSCR) test (AASHTO T-350) 
was introduced to predict the rutting resistance of modified asphalt binders. Rheological 
indices, such as Glover-Rowe parameter, R value, and ATc were recently proposed to 
evaluate the cracking susceptibility of asphalt binder due to aging. The linear amplitude
sweep test was introduced to characterize the fatigue performance of asphalt binder. 
Although these recently proposed evaluation methods have been widely used and showed 
promising results in terms of asphalt binder characterization, there are still important 
concerns being raised regarding the testing and analysis protocols. In addition, these 
innovative evaluation methods have never been applied on the Alaskan highly 
polymerized asphalt binders (HPABs). It is unknown whether they are able to accurately 
characterize the HPABs under the current testing and analysis protocols (Liu and Liu 
2019).
1.2. BACKGROUND
Modification on some neat (unmodified) asphalt cements is required in order to 
meet specifications, producing modified asphalt binder. The use of modified binder has 
increased significantly in recent years mainly due to the increased demand on HMA 
pavements, development of Superpave asphalt binder specifications, environmental and 
economic pressure, and public agencies’ willingness to pay higher-cost for longer 
pavement service life (Brown et al. 2009).
In recent years, modified asphalt binders have been used in a number of studies to 
address specific pavement distresses or issues in Alaska. A study on Rutting Analysis for 
Anchorage Pavements assessed rutting performance of one polymer modified PG 64-28 
binder in the Central Region (Ahmed 2007). In Alaska’s first trial warm mix asphalt 
project established in DOT&PF’s Southcoast Region, modified binder PG 58-28 was 
used as base asphalt to produce WMA binder mixed with various dosages of Sasobit (Liu 
and Li 2011). Nine projects using PG 64-34 binder were evaluated in another study to
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establish a catalog of dynamic modulus for pavement analysis and develop correlations 
between simple performance test results and HMA performance (Li and Liu 2014). The 
PG 64-34 binder was also used in a project to assess the engineering properties and 
performance of paving interlayer-reinforced asphalt pavement (Li et al. 2016). The low- 
temperature performance of modified binders such as PG 58-34 and PG 64-34 was 
investigated in a recent study (Zhao et al. 2016). Another recently completed study 
conducted to characterize Alaskan HMA containing reclaimed asphalt pavement also 
included modified binders such as PG 58-34 and PG 52-40 (Liu et al. 2016). The past 
research efforts have promoted the use of modified asphalt in Alaska. However, Alaskan 
modified binders, especially HPABs (such as PG 52-40 and PG 64-40) used in recent 
paving projects, have not been systematically characterized in these past studies (Liu and 
Liu 2019).
Characterization methods and tests for modified binder have evolved along with 
its increased use. Since the Superpave performance grading (PG) was developed as part 
of Superpave system (Anderson and Kennedy 1993), modification efforts have focused 
on increasing the PG grades of asphalt binder at various situations. The Superpave binder 
tests, therefore, were generally adopted to characterize both neat and modified binders. 
Some additional tests were adopted by asphalt practitioners to characterize modified 
asphalt only, such as separation test for assessment of polymer-asphalt compatibility 
(ASTM D7173), solubility test (ASTM D5546), recovery and stress-strain tests for 
measurement of the binder’s ability to stretch when loaded and unloaded including elastic 
recovery, force ductility, and toughness and tenacity tests (ASTM D5801), etc. In the 
meantime, extensive efforts were also conducted for better characterization of modified
3
asphalt binders. The most comprehensive national study was the National Cooperative 
Highway Research Program (NCHRP) project 9-10, which was completed in 2001 and 
resulted in NCHRP Report 459, Characterization o f Modified Asphalt Binders in 
Superpave Mix Design (Bahia et al. 2001). The key findings concluded that AASHTO 
MP1 specification, “Standard Specifications for Performance Graded Asphalt Binder” at 
the time did not adequately characterize the performance of modified asphalt binders, a 
practice in the AASHTO format was developed for characterization of modified asphalt 
binders, and AASHTO TP7 and TP9 at the time satisfactorily characterize the 
performance of modified HMA mixes. These findings clearly indicated that the 
Superpave PG grading system does not reveal adequate information about modified 
binders in terms of potential performance (Liu and Liu 2019).
The abovementioned research efforts along with many other not-mentioned have 
motivated the update of current specifications for characterizing modified binder. One of 
the most significant improvements is the development of AASHTO M-332, 
Performance-Graded Asphalt Binder Using Multiple Stress Creep Recovery (MSCR)
Test, which was based on many research findings showing that the non-recoverable creep 
compliance (Jnr) from MSCR test (AASHTO T-350) could identify the rutting 
performance of modified binder significantly better than the PG high temperature 
parameter, G*/sind (FHWA 2011). According to AASHTO T-350, the test is conducted 
using DSR, a creep load is applied to a RTFO asphalt residue for 1 sec., followed by a 9 
sec. of recovery. The test is started at the stress of 0.1 kPa for 20 load-recovery cycles (in 
which the first 10 cycles are conducted to precondition the sample), followed by another 
10 cycles at the stress of 3.2 kPa. Although significant work has been done with the
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MSCR test, and the test has shown its superiority in predicting permanent deformation 
resistance of some modified binders, there are still concerns being raised regarding its 
testing protocol (D’Angelo 2009; Golalipour 2011; Wasage et al. 2011; Hossain et al. 
2015; Sadeq et al. 2018; Zhou et al. 2018; Liu et al. 2020a). For example, both Hossain et 
al. (2015) and Sadeq et al. (2018) indicated that the 9 sec. of recovery time incorporated 
in AASHTO T-350 was insufficient to fully recover the recoverable strain for their 
studied asphalt binders.
It is well documented that asphalt oxidative hardening is mainly caused by the 
production of polar, oxygen-containing chemical functional groups on asphalt molecules 
during its service life (Petersen 2009; Yao et al. 2013; Sultana and Bhasin 2014; Rad et 
al. 2018). Among these functional groups, carbonyls and sulfoxides groups were deemed 
as the most relevant ones that are generated by oxidization (Petersen 2009; Rad et al. 
2018). The carbonyls group has been used for indicating the extent of asphalt oxidation 
for long time (Yao et al. 2015; Wang et al. 2015). The formation of carbonyl generally 
increases the polarity of some components of asphalt and thus increases its brittleness and 
viscosity (Rad et al. 2018). The formation of sulfoxide significantly increased the 
viscosity of asphalt during oxidation (Petersen and Glaser 2011), and thus the hardening 
of asphalt (Wang et al. 2015; Yao et al. 2015). It is good to use carbonyls and sulfoxides 
groups-related chemical aging indices to track the oxidation extent of asphalt binder since 
they give the most direct indicators of oxidation. However, the facilities (i.e. Fourier 
transform infrared spectroscopy (FTIR)) used to measure these chemical aging indices 
are not usually available in regular asphalt labs (Liu et al. 2021a).
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Various rheological parameters have been introduced to quantify the loss of 
cracking resistance of asphalt binder with aging, such as Glover-Rowe (G-R) parameter, 
rheological index (R value), and ATc which is defined as the difference between critical 
cracking temperatures by limiting m-value and limiting stiffness (S) from bending beam 
rheometer (BBR) test (Glover et al. 2005; Anderson et al. 2011; Rowe 2011). Comparing 
with carbonyls and sulfoxides groups-related chemical aging indices, these rheological 
parameters are relatively easy to obtain by dynamic shear rheometer (DSR) and BBR 
tests, which are usually available in regular asphalt labs. In addition, these rheological 
parameters have been shown to have good correlations with field cracking (Glover et al. 
2005; Anderson et al. 2011; Rowe 2011; Mensching et al. 2015; Mensching et al. 2016) 
and can be directly applied to indicate the mechanical properties of asphalt binder 
(Glover et al. 2005; Anderson et al. 2011). However, these indices have not been applied 
to highly modified asphalt binders yet. Thus, it is needed to evaluate if these indices are 
applicable for assessing cracking susceptibility of Alaskan asphalt binders. In addition, 
not much effort looked into the correlations between the chemical aging indices and 
rheological parameters of asphalt binders, which is important for determining the 
appropriate rheological parameter that most closely related to the oxidation and the 
cracking susceptibility of asphalt binder. If a strong correlation between the chemical 
aging index and a rheological parameter can be found, the rheological parameter could 





The main objectives of this study are to: (1) conduct laboratory and field 
evaluation of the performance (i.e. rutting, fatigue cracking, and low temperature 
cracking performance) of various modified asphalt binders and mixes; (2) investigate the 
feasibility of some innovative evaluation methods to Alaskan modified asphalt binders; 
and (3) provide recommendations regarding modified asphalt binders and mixtures 
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ABSTRACT
Highly polymerized asphalt binders (HPABs) and mixtures have been used in 
recent years to address the cracking and rutting concerns due to varying climates and 
seasonal extreme conditions in Alaska. However, there has not been systematic 
characterization and performance data development for these materials. Hence, as 
presented in this paper, this study intends to systematically characterize the HPABs and 
mixtures, and identify the performance benefits of these materials through laboratory 
tests and field sections monitoring. Three HPABs (i.e. PG 52-40, PG 64-40, and PG 52­
46) along with one unmodified asphalt binder (UAB) (PG 52-28) used in Alaska were 
used and their morphologies, chemical and rheological properties were evaluated. The
Fourier-transform infrared spectroscopy (FTIR) spectra and fluorescence microscopy 
(FM) morphology results presented the unique chemical functional groups of HPABs and 
the biphasic structure found with polymers distributed in the HPABs, respectively. The 
bending bean rheometer (BBR) and asphalt binder cracking device (ABCD) tests results 
indicated that the HPABs apparently had lower (colder) cracking temperatures (i.e. better 
low-temperature cracking resistance) than the UAB. The multiple stress creep recovery 
(MSCR) test results showed that the HPABs had better rutting resistance than the UAB, 
as predicted by lower Jnr while higher %R values. The G* master curves illustrated that 
the HPABs were softer and less temperature susceptible than the UAB at intermediate 
temperatures, which implied better fatigue cracking resistance. The laboratory evaluation 
of performance of asphalt mixtures also confirmed that the asphalt mixtures with PG 52­
40 and PG 64-40 had better resistant to rutting and low-temperature cracking than the 
mixture with PG 52-28. These results were further confirmed through field surveys of 
recent paving projects constructed in Alaska and data from pavement sections in LTPP 
database.




In the past decades, asphalt binders have been modified using a wide range of 
modifiers or technologies to achieve the desired properties such as lower stiffness at high 
construction temperatures to facilitate pumping of binder, mixing and compaction of hot
mix asphalt (HMA), higher stiffness at high service temperatures to reduce rutting and 
shoving, and lower stiffness and faster relaxation properties at low service temperatures 
to reduce thermal cracking. The most commonly used asphalt modifiers are polymers. 
Polymers are very large molecules that are made of long chains or clusters of smaller 
molecules (monomers), and the physical properties of a polymer are determined by the 
sequence and chemical structure of the monomers (Brown et al. 2009). Therefore, the 
polymer can be engineered to obtain a broad range of properties when varying its 
composition monomers (Brown et al. 2009).
In recent years, highly polymerized asphalt binder (HPAB), which is defined as 
modified asphalt binder with high polymer concentration (about 7% by weight of the neat 
binder), was introduced to address rutting and cracking concerns of flexible pavement 
under extreme climates and high-traffic (Habbouche et al. 2020). The benefits of HPABs 
used in warm regions or busy traffic areas have been identified by a number of studies. A 
study (Greene et al. 2014) by Florida department of transportation (DOT) reported that 
the HPAB PG 82-22 showed significantly greater stiffness and rutting resistance than the 
unmodified asphalt binder (UAB) (PG 67-22), as supported by the higher Superpave 
rutting factor (G*/sind) value and lower non-recoverable creep compliance value. In 
addition, asphalt mixtures with PG 82-22 outperformed those with PG 67-22 not only in 
rutting resistance but also in fatigue and thermal cracking resistances. Other studies also 
reported that the use of HPAB could increase the fatigue life of the resulted asphalt 
mixture over an order of magnitude, as indicated by the four-point bending beam fatigue 
testing results (van de Ven et al. 2007; Blazejowski et al. 2016; Habbouche et al. 2020).
In addition, National Center for Asphalt Technology (NCAT) test tracks were built in
10
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2009 to understand the in-situ characteristics of asphalt mixtures with HPAB (PG 88-22). 
The section with PG 88-22 basically outperformed the control section built at the same 
time by using traditional polymer modified asphalt binder, even though the section with 
PG 88-22 was designed to be thinner than the control section (Timm et al. 2012). A 
recent study by Virginia Research Council (Diefenderfer et al. 2018) indicated that the 
use of HPABs with high-end PG could be an appropriate strategy to mitigate reflective 
crack over jointed concrete. Thus, this study could serve as a complementary work of 
current practices abovementioned to look into the HPABs in cold climates.
The Alaska Department of Transportation and Public Facilities (ADOT&PF) has 
been using HPABs in a number of paving projects in recent years (Liu and Liu 2019; Liu 
et al. 2020). For example, a highly-polymerized PG 64-40 HMA was placed in downtown 
Anchorage, Alaska to address rutting and wear concerns in high-traffic areas and 
moderate low-temperature cracking concern. The ADOT&PF Northern Region has used 
PG 52-40 in projects close to town, such as Peger Road and Airport Way resurfacing jobs 
in Fairbanks. PG 52-40 has been used in airfield pavements as well, such as Gulkana 
Airport Apron and Taxiway Paving, Shishmaref Airport Resurfacing, and Kotzebue 
Airport and Safety Improvements projects. The ADOT&PF Northern Region is also 
interested in the potential use of a colder low-temperature grade binder, such as PG 52­
46, to suit its specific climatic conditions. Some research studies have been involved the 
use of HPABs. For example, nine mixtures using PG 52-40 binder were included in a 
study that established a catalog of dynamic modulus of Alaskan asphalt mixtures (Li and 
Liu 2014). The dynamic modulus data of these mixtures were documented for pavement 
analysis and used to develop correlations between simple performance test results and
mixture performance. Liu et al. (2017) investigated the thermal cracking resistance of 
some typical modified asphalt binders used in Alaska, including PG 52-40. The PG 52-40 
binder was also included in research projects that assessed the engineering properties and 
performance of paving interlayer-reinforced asphalt pavement (Li et al. 2016), and 
Alaskan asphalt mixture containing recycled asphalt pavement (RAP) (Liu et al. 2016). 
Zhao et al. (2016) recommended to keep using high-end modified binders in the Central 
Region and extend the low PG grade to -46 and/or -52 in trial projects in the Northern 
Region of Alaska. However, there has not been systematic characterization and 
performance data development for these HPABs and mixtures, which are necessary for 
recommendations of proper adaptation of asphalt binders to accommodate Alaska’s 
climatic conditions. Hence, this study intends to fill this research gap by systematically 
characterizing the HPABs and mixtures, and identifying the performance benefits of 
these materials through laboratory tests and field sections monitoring.
2. MATERIALS AND EXPERIMENTS
Four asphalt binders were collected from a supplier at Alaska, including one UAB 
(PG 52-28) and three HPABs (i.e. PG 52-40, PG 64-40, and PG 52-46). As summarized 
in Table 1, loose mixtures were collected from field paving projects in Alaska, and 
compacted in the lab using the Superpave gyratory compactor (SGC) according to 
AASHTO PP 60 before the performance testing. Totally five loose mixtures were 
collected, including one PG 52-28 mix, two PG 52-40 mixes, and two PG 64-40 mixes. 
No loose mixture using PG 52-46 was available due to no paving project using PG 52-46
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at the time of preparation of this paper. An alternate was made to mix PG 52-46 with 
aggregate in the lab by following an existing job mix formula (JMF) for PG 52-40 mix 
provided by ADOT&PF. However, the outcomes were not satisfactory, and samples 
collapsed easily during the performance testing. Therefore, no data for the mixture with 
PG 52-46 was included.
2.1. ASPHALT BINDER TESTING
A number of tests were carried out to characterize the HPABs in this study. 
Fourier-transform infrared spectroscopy (FTIR) tests were conducted to identify 
functional groups such as trans disubstituted -CH=CH= of butadiene block and aromatic 
monosubstitued C-H of styrene block (Wang et al. 2015; Yao et al. 2015; Hou et al. 
2018). In this study, the infrared spectra of the HPABs were obtained using a 
PerkinElmer Spectrum-Two FTIR spectrometer equipped with a single-reflection 
diamond attenuated total reflection (ATR) accessory. About 1 gram of bitumen was 
placed directly on the Internal Reflection Element (IRE), and a fixed load was applied to 
the sample to ensure full contact with the diamond ATR. 12 scans were averaged for each 
sample within the wavenumber range of 4000 to 400 cm-1 at a resolution of 8 cm-1. Four 
duplicate samples were conducted on each binder specimen to ensure the consistency of 
the measurements. The average of the measurements from each specimen was used for 
data analysis.
Fluorescence microscopy (FM) images of studied binders were taken using a 
Leica confocal microscopy to capture their morphologies with a magnification level of 
630. The morphologies provide a qualitative description of the physical interaction
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(dispersion) between polymer and asphalt phases (Petryayeva et al. 2013; Handle et al. 
2016; Ding et al. 2017; Cuciniello et al. 2018). The gray value of each pixel of 
morphology image was obtained to quantify the intensity of the polymer phase through 
Matlab coding. During the sample preparation, a drop of heated asphalt sample was taken 
and stuck on a glass plate, and then a cover slide was placed over the asphalt drop. The 
specimen was put into an oven (100°C) for several minutes to obtain a transparent thin 
film for FM images.
A dynamic shear rheometer (DSR) was used for multiple stress creep recovery 
(MSCR) and temperature-frequency sweep tests. The MSCR tests were conducted to 
assess the rutting performance of the studied asphalt binders. Two parameters, non­
recoverable creep compliance (Jnr) and percent recovery (%R) of HPABs at various 
temperatures were determined. The Jnr is the rutting performance indicator that has been 
reported that can identify the rutting performance of modified binder significantly better 
than the PG high temperature parameter, G*/sind (Bahia et al. 2001; D’Angelo and 
Dongre 2002; D’Angelo et al. 2007; Liu et al. 2020). The %R gives insights on elastic 
properties. Generally, asphalt binder has a higher %R value could show more elastic 
properties. In this study, the rolling thin-film oven (RTFO) aged samples were subjected 
to the MSCR test according to AASHTO T350. Creep and recovery loading cycles (one 
second for creep loading while nine seconds for recovery) were carried out at shear stress 
levels of 0.1 and 3.2 kPa. 20 loading cycles were carried out at 0.1 kPa while 10 cycles at 
3.2 kPa. The tests were carried out at three different temperatures based on the high-end 
PG of the binders. Two duplicates were tested for each sample.
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For the temperature-frequency sweep tests, the asphalt binder samples were 
subjected to RTFO and pressure aging vessel (PAV) processes before the tests. The 
complex modulus (G*) and phase angle were determined at four different temperatures 
(i.e., 5°C, 15°C, 25°C, and 35°C) and loading frequencies (varying from 100 to 0.1 rad/s 
with the descending logarithmic ramp mode) using the 8 mm parallel plate geometry with 
a 2 mm gap. A strain amplitude of 1% was used. The G* master curves were constructed 
by using RHEATM software (Rowe 2014), which analyzes data from temperature- 
frequency sweep test using time-temperature superposition (TTS) principle.
The Bending Beam Rheometer (BBR) tests at multiple temperatures on the PAV 
aged asphalt samples, according to AASHTO T313 were performed to assess the low- 
temperature performance of the HPABs. The stiffness and relaxation properties of an 
asphalt binder were measured, as represented by two parameters, creep stiffness and m- 
value, respectively. Typically, asphalt binder with lower creep stiffness and faster rate of 
stress relaxation (higher m-value) could be more resistant to cracking at low temperatures 
than that with higher creep stiffness and lower m-value. The Superpave specifies the 
thresholds of 300 MPa (for creep stiffness) and 0.3 (for m-value) to determine the low- 
end PG of an asphalt binder. Two replicates were used at each temperature for each 
asphalt binder.
The asphalt binder cracking device (ABCD) was used to directly measure the 
low-temperature cracking temperature of the studied HPABs based on AASHTO TP92. 
Before the test, hot asphalt binder was poured into a circular mold outside of a metal ring. 
During the testing, as temperature continually decreased, the metal ring provided 
contraction restrain to the asphalt binder ring due to the dissimilar coefficients of thermal
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expansion/contraction of asphalt binders and metals (Liu and Li 2012). A thermal stress 
was developed during this process and led to the final crack of the binder sample. At the 
crack temperature, the micro-strain developed in the tested asphalt binder was measured. 
Four replicates were used for each test.
2.2. PERFORMANCE TESTS OF ASPHALT MIXTURES
This study also evaluated the rutting performance and low-temperature cracking 
resistance of mixtures containing HPABs. The Hamburg Wheel Tracking (HWT) device 
performs simulative test by repeatedly rolling a loaded wheel across an asphalt concrete 
specimen, which allows for an accelerated assessment of the mixture’s rutting resistance. 
In this study, An Asphalt Pavement Analyzer (APA) configured for HWT test was used 
according to AASHTO T324. Cylindrical specimens (150 mm in diameter and 60 mm in 
height) with a target air voids of 7.0 ± 0.5% were fabricated using the Superpave gyratory 
compactor (SGC) according to AASHTO PP 60. The water temperature was set at 50°C 
for the mixtures with PG 64-40 and at 40°C for the other mixtures, based on the 
recommendation ADOT&PF personnel. The rut depths were measured continuously.
The Indirect tensile (IDT) creep compliance (D(t)) and strength tests were 
conducted to assess the low-temperature performance of asphalt mixture according to 
AASHTO T322. Cylinder specimens were prepared with a diameter of 150 mm and a 
height of 50 mm. The air voids of the specimens was about 4%. D(t)of each mixture was 
monitored at three temperatures with an interval of 10°C according to the binder’s low- 
end PG. For the mixtures with highly polymerized asphalt binders the test temperatures 
were -30, -20, and -10°C. For the mixture with unmodified asphalt binder the test
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temperatures were -20, -10, and 0°C. At each testing temperature, a static compressive 
load was applied along a diametrical axis of the cylindrical specimen for about 100 
seconds, and normalized horizontal and vertical deformations from 6 specimen faces (3 
specimens, two faces per specimen) were measured with linear variable displacement 
transducers (LVDTs). A load rate of 12.5 mm/min of vertical movement was applied to 
the specimen until it failed to determine the IDT strength of mixtures.
3. RESULTS AND ANALYSIS
3.1. ASPHALT BINDER CHARACTERIZATIONS
3.1.1. Chemical Characterization. Figure 1 shows the FTIR spectra of the 
studied asphalt binders. It can be seen that the absorbance spectra of the binders were 
similar within the wavenumbers from 1300 to 4000 cm-1. This may be due to the same 
neat binder was used to produce the modified asphalt binders and the similar absorbance 
peaks could be attributed to the asphalt components. However, significant difference can 
be observed at wavenumbers from 400 to 1300 cm-1, as magnified in Figures 2 and 3. It 
can be seen from Figure 2 that unlike the unmodified asphalt binder (PG 52-28), both the 
PG 52-40 and PG 52-46 had obvious absorbance peaks at 690 cm-1 and 966 cm-1 bands, 
respectively. The band at 966 cm-1 is assigned to trans disubstituted -CH=CH= of 
butadiene block, while the band at 690 cm-1 corresponding to aromatic monosubstitued 
C-H of styrene block (Yao et al. 2015). The butadiene and styrene blocks could be 
attributed to the modifier — styrene-butadiene block (SBS). In addition, the PG 52-40 
showed similar spectrum to the PG 52-46. Figure 3 compares the spectra of the UAB and
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HPAB (PG 64-40) at wavenumbers from 400 to 1300 cm-1. Unlike the PG 52-40 and PG 
52-46, PG 64-40 showed significant different spectrum than the unmodified asphalt 
binder. Unique absorbance peaks were found at around 990 cm-1 and 780 cm-1, which 
are corresponding to C=C bending and C-H bending, respectively (Jung et al. 2018). It 
was highly possible that other plastomers were used along with SBS to produce the PG 
64-40. An attempt was made to quantify the SBS concentrations of these binders. 
However, a calibration curve by using the spectra of the neat asphalt binder and the 
specific SBS is needed to determine SBS content (Hao et al. 2020). To obtain quantitative 
parameter to compare the concentrations of the studied HPABs, the absorbance peaks for 
the butadiene and styrene blocks were normalized with respect to the 2853 cm-1 band, 
which is assigned to C-H aliphatic stretching mode (Larsen et al. 2009). The results 
presented in Table 2 indicated that the PG 52-40 had similar SBS content to the PG 52-46 
(because they had similar butadiene and styrene blocks peak ratio values), although their 
engineering properties were different. Past study also reported that the engineering 
properties and morphology of polymer modified asphalt binder could be affected not only 
by the polymer content but also by its mixing and heating history, storage, and production 
protocols (Hao et al. 2020). In addition, the PG 64-40 showed higher SBS content than 
the other two studied HPABs, as indicated by the results in Table 2.
3.1.2. Morphologies. Figure 4 shows the FM images of the studied asphalt 
binders. As shown in Figure 4 (a), only one phase can be observed for the UAB (PG 52­
28). As shown in Figures 4 (b-d), a biphasic structure can be found for the HPABs. For 
the PG 52-40 and PG 64-40 (Figures 4(b) and (c)), the polymer formed a continuous 
phase (i.e., the bright and elongated interconnected branches in the figures), implying
19
adequate compatibility between polymer and asphalt. It was clear that the polymer phase 
was the dominant phase for the highly polymerized asphalt binders, especially for the PG 
52-46. For the PG 52-46, the asphalt phase (i.e. dark spots) dispersed in the continuous 
polymer phase.
To quantify the intensity of the polymer phase, the gray value of each pixel of the 
FM images was obtained using the approach from the reference (Ding et al. 2017). The 
FM image was converted to an 8-bit-deep image, which has 1024*1024 pixels with gray 
value ranging from 0 to 255. Theoretically, for the HPABs, the gray value of the pixels 
for pure asphalt phase should be 0 (as shown in Figure 4(a)) while that for pure polymer 
phase should be 255. However, the polymer was swelled in the asphalt which resulted in 
a pixel consist of both polymer and asphalt phases. In order to define the polymer phase, 
in this study, the pixel with gray value higher than 0 was defined as polymer phase, 
otherwise asphalt phase. Based on this, the percentage of polymer phase for a specific 
highly polymerized asphalt binder could be obtained (89%, 82%, and 95% for PG 52-40, 
PG 64-40, and PG 52-46, respectively).
3.1.3. MSCR Creep Compliance and Percent Recovery. Figures 5 and 6 
present the MSCR Jnr and percent recovery (%R) values at 3.2 kPa for the studied 
asphalt binders, respectively. As shown in Figure 5, the HPABs generally showed lower 
Jnr values than the UAB (PG 52-28), which meant that the HPABs had better permanent 
deformation resistance, even though some of them had the same high-temperature PG 
with the UAB. The binder PG 64-40 showed the lowest Jnr value at a given temperature, 
as expected. At the testing temperature of 52°C, the Jnr values at 3.2 kPa of the PG 52-40 
and PG 64-40 were far lower than 0.5 kPa-1, which implied these two binders could be
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used to mitigate rutting concerns for areas with traffic volume greater than 30 million 
Equivalent Single Axle Loads (ESAL) (Chen et al. 2020). However, the PG 52-46 
showed higher Jnr values at 3.2 kPa than the PG 52-40 at same testing temperature, 
though they had the same high temperature PG and the similar polymer concentrations, as 
indicated in the FTIR analysis. The behavior may be related to the degradation of 
polymer during the RTFO procedure (Cuciniello et al. 2018). The domination of the 
polymer phase in the PG 52-46 (Figure 4 (d)) made the polymer degradation during aging 
more profound than the PG 52-40 did. As shown in Figure 6, the unmodified asphalt 
binder showed nearly no recovery (i.e., less than 1% recovery). The HPABs, PG 52-40 
and PG 64-40, had %R values higher than 90%, which implied that they are more elastic 
at high temperatures. Overall, the MSCR test results showed that the HPABs had better 
rutting resistance than the unmodified binder, regardless of their high-end PGs. Among 
the studied HPABs, PG 64-40 performed best followed by PG 52-40, and PG 52-46.
3.1.4. Master Curves. Figure 7 presents the G* master curves of the studied 
HPABs as well as the UAB, at a reference temperature of 15°C. As shown in Figure 7, 
the UAB showed the highest G* data (in other words, the UAB was the most stiff) within 
the whole frequency range at the reference temperature, followed by the PG 64-40, PG 
52-40, and PG 52-46. It was generally believed that soft asphalt binder at higher 
frequencies (or intermediate temperatures) would perform well in terms of fatigue 
cracking resistance (Chen et al. 2020). In addition, a slightly reduction on the slope of G* 
master curve can be observed for the HPABs, which implied that the HPABs had lower 
temperature susceptibility than the UAB.
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3.1.5. Low-Temperature Properties. Figure 8 presents the BBR results of the 
tested asphalt binders. Although the testing results for different asphalt binders were 
obtained at different temperatures, the difference between the UAB and HPAB could be 
observed from the data trends. The UAB showed higher creep stiffness and lower m- 
value than the HPABs at a given temperature. The PG 52-40 showed similar BBR results 
to the PG 64-40, while the PG 52-46 showed the best low-temperature performance 
among the studied three HPABs. In Figure 8, the dash lines represent the creep stiffness 
and m-value thresholds of 300 MPa and 0.3, respectively, and the corresponding 
temperatures at the intersections of the dash line and data presentative line were used to 
determine the critical cracking temperatures (intersection temperatures minus 10 °C), as 
summarized in Table 3. As shown, the critical temperatures based on creep stiffness were 
close to those based on the m-value. The PG 52-46 showed the lowest critical cracking 
temperatures, followed by PG 64-40, PG 52-40, and PG 52-28 (UAB). The PG 64-40 
showed similar critical temperatures to the PG 52-40.
Table 3 also presents the ABCD cracking temperatures of the studied asphalt 
binders. As shown in the table, the HPABs showed lower cracking temperatures than the 
UAB. The rank order of cracking temperatures was identical to that from the BBR test: 
PG 52-46 is lowest (even did not crack at -60°C, which is the capacity of the ABCD 
temperature chamber), followed by PG 64-40, PG 52-40, and PG 52-28. In addition, the 
cracking temperature measured by ABCD was slightly lower than the BBR critical 
cracking temperature for an asphalt binder. This was consistent with the findings from a 
previous study (Liu et al. 2017).
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3.2. ASPHALT MIXTURES PERFORMANCE
Figure 9 presents the rut depths at 5,000, 10,000, and 15,000 passes of the tested 
asphalt mixtures from HWT tests. It can be seen that the PG 52-28 mix showed 
apparently higher rut depths than the mixes with HPABs at a certain number of passes, 
indicating the use of HPABs improved the rutting resistance of asphalt mixture at a 
noticeable level, regardless of the high-end PGs of asphalt binders. This was consistent 
with the MSCR results of asphalt binders. In addition, it can be observed from Figure 9 
that the mix PG 52-40_2 showed higher rut depths (while the mix PG 52-40_1 had 
slightly lower rut depths) than the PG 64-40 mixes at a certain number of passes. These 
two PG 52-40 mixes were from two paving projects with different job mix formulas. The 
rut depth differences between two mixes confirmed that the asphalt binder is not the only 
dominant factor for rutting resistance of asphalt mixture. The properties and skeletons of 
aggregates also play an important role on rutting resistance.
Figure 10 presents the IDT strength results of the studied mixtures at various 
temperatures. As shown in Figure 10, the unmodified mix (PG 52-28 mix) showed higher 
IDT strength value than the mixes with HPABs at a given testing temperature. Asphalt 
binders/mixtures perform well at low temperatures by staying flexible—that is, soft and 
capable to relax stress—or by having a high strength. Therefore, the mixture with higher 
IDT strength does not necessary to perform better at low temperatures. The low- 
temperature cracking resistance of asphalt mixture is closely related to not only its’ 
strength but also the thermal stress relaxation capability. According to Hills and Brien 
(1996), asphalt pavement thermal cracks occur when the thermal stress in the pavement 
overs the strength of the HMA as the temperature decreases. Therefore, the changes of
tensile strength and thermal stress with the pavement versus temperature can be plotted 
into the same graph, and the intersection of these two curves can be used to predict the 
critical cracking temperature. In this study, the change of thermal stress versus 
temperature of each mixture sample was obtained by using the D(t) data, according to the 
procedures described in the literature (Christensen 1998). The change of tensile strength 
versus temperature of each mixture sample was obtained by using the IDT strength data. 
Figure 11 presents the predicted cracking temperatures for the studied Alaskan mixtures. 
As shown in this figure, the mixes with HPABs apparently showed lower cracking 
temperatures than PG 52-28 mix. The cracking temperatures of the two PG 52-40 mixes 
were at the same level with those of the two PG 64-40 mixes. To some extends, the 
predicted asphalt mixture cracking temperatures were closer to the ABCD asphalt binder 
cracking temperatures (Table 3). Figure 11 also provides the lowest pavement 
temperature (-36.4 °C) between year of 2005 to 2015 in Northern Region of Alaska 
predicted by Liu et al. (2017) based on the climate data using a software entitled 
Temperature Estimate Model for Pavement Structures (TEMPS). It can be found that the 
mixtures with HPABs all had cracking temperatures lower than -36.4 °C while the 
unmodified mixture had cracking temperature higher than -36.4 °C. This confirmed the 
recommendations from Liu et al. (2017) for using mixtures containing asphalt binders 





As mentioned in the introduction section, a number of paving projects using 
HPABs have been completed in Alaska. According to the field survey on July 27th -  29th, 
2019 (Figure 12) and the interview with the ADOT&PF engineers, varied performance 
was observed in terms of thermal cracking resistance of the asphalt pavements. Overall, 
the pavements with HPABs obviously outperformed the pavements with UAB (PG 52­
28). For example, in Richardson Hwy MP 337 (Eielson Air Force Base Intersection) 
Improvements project constructed in 2017 (Figure 12(a)), PG 52-40 was used, and no 
crack was observed two years after construction. For other projects with binders of PG 
52-40, minor cracks were observed in Old Nenana/Ester Hill Rehabilitation project 
(Figure 12(b)) and Peger Rd Resurfacing / FMATS Ped Impr / NR Signal Interconnect 
project (Figure 12(c)), which were constructed in 2018 and 2017, respectively. For 
projects using PG 64-40 binder in Anchorage (for example, L & I Couplet and 5th & 6th 
Avenue Couplet, constructed in 2014/2015), the pavement surface was smooth. Only 
minor rutting and no crack was observed according to the survey by the pavement 
management team of ADOT&PF in 2016 (Figure 12(d)). In addition, the field survey 
results revealed that the pavement sections in busy traffic areas (e.g. Fairbanks 
Downtown) showed more severe cracking than those in low-volume traffic areas. As 
most paving projects with HPABs are being constructed in recent years, long term 
performance monitoring is needed to facilitate the application of HPABs in asphalt
pavements.
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As most of paving projects in Alaska were constructed in recent years (with 
relatively short service periods), two sections (sections ID: 0902 and 0962) in 
Saskatchewan, Canada using the similar asphalt binder (PG 52-40) were extracted from 
long term pavement performance program (LTPP) database to give some insights on 
long-term performance of paving projects using HPABs. The sections were constructed 
in September 1996. Section 0902 was composed of 17.4-inch base layer and 4.4-inch 
asphalt concrete layer, and section 0962 had 16.9-inch base layer and 4.7 inch asphalt 
concrete layer (Figure 13). The results in Table 4 indicated that both sections showed no 
longitudinal crack along wheel path after 11 years of service (from 1996 to 2007). No 
fatigue crack was observed in both sections during the first 6 years. Besides, both 
sections showed rut depth no higher than 10 mm after more than 8 years’ service. Most 
importantly, both sections had no transverse crack (a few transverse cracks were recorded 
for the section 0962 on the years of 2000 and 2002 and then disappeared, this could be 
attributed to the data collector subjectively counted other types of cracks as transverse 
cracking) which is usually a type of thermal cracking, after 11 years of service (from 
1996 to 2007). This indicated that both sections performed well in terms of thermal (low- 
temperature) cracking resistance. Complementary to Habbouche et al.’s summary of 
promising field performance of sections with HPABs (such as PG 88-22) in warm 
climates (2020), use of HPABs (e.g. PG 52-40) could also provide beneficial field 
performance in cold climates. However, more years of field monitoring and data 




This study presents a systematic characterization study for HPABs and mixtures 
used in Alaska. HPABs (PG 52-40, PG 64-40, and PG 52-40) along with UAB (PG 52­
28) were chemically and mechanically characterized using devices and tests such as 
FTIR, FM, MSCR, master curves, BBR, and ABCD. Laboratory testing was also 
conducted on the asphalt mixtures containing highly polymerized asphalt binders to 
evaluate their rutting and low-temperature cracking performances. Preliminary field 
evaluation surveys on the sites with HPABs was carried out, and sections with PG 52-40 
were extracted from LTPP program to give some insights on long-term performance of 
paving projects using HPABs.
The FTIR spectra and FM morphology results presented the unique chemical 
functional groups of HPABs and the distribution of polymers in the binders, respectively. 
The FTIR spectra results showed that trans disubstituted -CH=CH= of butadiene block 
and aromatic monosubstitued C-H of styrene block could be found for the all the studied 
HPABs. Besides, C=C bending and C-H bending could be found for PG 64-40. The FM 
morphology images indicated that the HPABs showed significant different morphologies 
than the UAB. The biphasic structure was found for the HPABs. Especially for the PG 
52-46, the polymer phase was apparently the dominant phase, and the asphalt phase was 
surrounded by the polymer phase.
The rheological properties evaluation of asphalt binders revealed that the studied 
HPABs outperformed the UAB not only in low-temperature cracking resistance, but also 
in rutting and fatigue cracking resistances. Both the BBR and ABCD results indicated
that the HPABs had lower (colder) cracking temperatures than the UAB. The PG 52-46 
performed the best among the studied HPABs in terms of cracking temperature. 
According to the MSCR results, the HPABs showed significant better rutting resistance 
than the UAB, as predicted by lower Jnr values while higher %R values. The G* master 
curves illustrated that the HPABs were softer and less temperature susceptible than the 
unmodified asphalt binder at intermediate temperatures, indicating better fatigue cracking 
resistance.
Asphalt mixtures made with HPABs were found to be more resistant to rutting 
than the mixture with PG 52-28 regardless of the high-end PG of asphalt binder, as 
predicted by the HWT results. The overall low-temperature IDT analysis revealed that 
the asphalt mixtures with HPABs had lower (colder) cracking temperatures than the 
mixture with UAB (PG 52-28), even though the mixture with PG 52-28 had the highest 
IDT strength value at a given temperature. The comparisons between the asphalt mixture 
cracking temperatures with predicted lowest pavement temperature indicated that it is 
necessary to use HPABs to address low-temperature cracking issue in Alaska. The field 
survey in Alaska also revealed that the pavements with HPABs obviously outperformed 
the pavements with UAB. Only minor cracks and rutting could be observed in the 
pavements with HPABs. In addition, over 11 years’ performance data including rutting, 
fatigue cracking, transverse cracking of two LTPP sections using HPABs (PG 52-40) in 
Saskatchewan, Canada also confirmed the benefits of HPABs to the pavement 
performance. However, more years of field monitoring and data collection are 
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Table 2 Relative absorbance peak ratios of highly modified asphalt binders
Binders Absorbance Peak 








@ 996 cm-1 + 690 
cm-1 / Absorbance 
Peak @ at 2853 
cm-1
PG 52-40 0.191 0.235 0.426
PG 52-46 0.192 0.220 0.412
PG 64-40 0.226 0.356 0.582
Table 3 Critical temperatures of the studied asphalt binders








PG 52-28 -29.6 -29.8 -35.0
PG 52-40 -44.5 -44.1 -50.3
PG 64-40 -45.1 -45.8 -51.9
PG 52-46 -48.2 -49.2 < -60













0902 0962 0902 0962 0902 0962 0902 0962
10/21/1996 0 0 0 0 0 0 - 1
06/09/1999 0 0 0 0 0 0 7 4
06/27/2000 0 0 0 0 0 0 8 5
09/12/2000 0 0 0 0 0 2 9 5
10/01/2001 0 0 0 0 0 0 8 5
07/31/2002 0 0 0 0 0 1 7 5
06/17/2004 77.2 120.5 0 0 0 0 10 6
10/02/2007 232.2 121.8 0 0 0 0 13 7
Notes: *The data presented here are the sum of distresses at all three severities (low,
















Figure 1 FTIR spectra of the studied asphalt binders
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Figure 4 Morphologies of the studied asphalt binders: (a) PG 52-28; (b) PG 52-40; (c) PG






Figure 4 Morphologies of the studied asphalt binders: (a) PG 52-28; (b) PG 52-40; (c) PG





Figure 4 Morphologies of the studied asphalt binders: (a) PG 52-28; (b) PG 52-40; (c) PG
64-40; (d) PG 52-46 (cont.)
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Figure 6 MSCR percent recovery data at 52° C
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Figure 7 G* master curves of the studied asphalt binders
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Figure 9 HWT rut depth results
PG 52-28 — PG 52-40 1 -A - PG 52-40 2
a—PG 64-40_1 ••■©•••PG 64-40_2
Figure 10 IDT strength results of the studied asphalt mixtures
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Figure 12 Field survey photos: (a) Richardson Hwy MP 337 Eielson AFB Intersection 
Improvements, PG 52-40, constructed in 2017; (b) Old Nenana/Ester Hill Rehabilitation, 
PG 52-40, constructed in 2018; (c) Peger Rd Resurfacing / FMATS Ped Impr / NR Signal 
Interconnect, PG 52-40, constructed in 2017; (d) L & I Couplet and 5th & 6th Avenue 




Figure 12 Field survey photos: (a) Richardson Hwy MP 337 Eielson AFB Intersection 
Improvements, PG 52-40, constructed in 2017; (b) Old Nenana/Ester Hill Rehabilitation, 
PG 52-40, constructed in 2018; (c) Peger Rd Resurfacing / FMATS Ped Impr / NR Signal 
Interconnect, PG 52-40, constructed in 2017; (d) L & I Couplet and 5th & 6th Avenue 
Couplet, PG64-40, constructed in 2014/2015 (cont.)
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(d)
Figure 12 Field survey photos: (a) Richardson Hwy MP 337 Eielson AFB Intersection 
Improvements, PG 52-40, constructed in 2017; (b) Old Nenana/Ester Hill Rehabilitation, 
PG 52-40, constructed in 2018; (c) Peger Rd Resurfacing / FMATS Ped Impr / NR Signal 
Interconnect, PG 52-40, constructed in 2017; (d) L & I Couplet and 5th & 6th Avenue 
Couplet, PG64-40, constructed in 2014/2015 (cont.)
(a)
Figure 13 Pavement cross-section: (a) section 90-0902 and (b) section 90-0962
40
(b)
Figure 13 Pavement cross-section: (a) section 90-0902 and (b) section 90-0962 (cont.)
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ABSTRACT
Although the MSCR test has shown its superiority in predicting rutting resistance 
of asphalt binders, concerns have been raised regarding the testing protocol and 
procedures. To evaluate the rutting resistance and investigate the suitability of the 
standard MSCR test method for Alaskan binders, nine typical Alaskan asphalt binders 
from three different suppliers were collected from paving projects and tested using 
MSCR tests with four different testing protocols and procedures. The results indicated 
that the modified binders had better rutting resistance than the neat binder regardless of 
performance grade (PG). The nonlinear stress limits of most modified binders were all 
found to be less than 3.2 kPa, which indicated that the stress level of 3.2 kPa included in 
current specifications could identify their non-linear behavior. A higher stress level was
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recommended for identifying the non-linearity of binder #3 (PG 64-40 from supplier A). 
The recovery time and the number of load cycles had significant effects on the non­
recoverable creep compliance (Jnr) and percent recovery (R) values of polymer modified 
binders. Based on the testing results, it was recommended that at least 30 load cycles be 
included at each stress level and that the strain data from the last five cycles be used to 
calculate the Jnr and R values. The Jnr-diff included in AASHTO M332 was found 
unwarranted to evaluate the stress sensitivity of the Alaskan polymer modified binders 
used in this study.
KEYWORDS: Multiple stress creep recovery (MSCR); Alaskan asphalt binders; Rutting; 
Testing Protocol
1. INTRODUCTION
With the increase of traffic load, unmodified asphalt binder PG 52-28 which has 
been widely used in Alaska was proven to be inadequate for various Alaskan climatic 
conditions (Liu et al. 2017). Polymer modified asphalts have attracted more attention in 
recent years. A highly-polymerized PG 64-40 hot-mix asphalt (HMA) was recently 
placed in downtown Anchorage, Alaska to address rutting concerns in high-traffic areas 
and to minimize low-temperature cracking concerns. In addition, PG 52-40 polymer 
modified asphalt has been recently used in several paving projects in the Alaska 
Department of Transportation & Public Facilities (ADOT&PF) Northern Region (e.g., 
2015 Airport Way resurfacing project in Fairbanks, Alaska). More paving projects using 
these modified binders are expected in the upcoming construction seasons. However, data
is lacking in terms of materials characterization for these Alaskan polymer modified 
binders, especially in terms of rutting resistance evaluation.
Rutting, which is defined as the permanent deformation accumulated in asphalt 
pavements, is one of the major distresses that the asphalt pavement could be subjected to 
during its service life (Brown et al. 2009; Jafari et al. 2015). There are two mechanisms 
for pavement rutting: (a) the deformation of the underlying layers such as base and 
subbase layers; (b) the permanent deformation of the HMA surface course (either from 
plastic flow at high temperatures, or studded-tire wear during winter). Asphalt mixture is 
composed of voids, aggregates, and asphalt binder, and asphalt binder is well 
documented to be a significant contributor to the rutting resistance of the asphalt mixture 
(Huang 2004; Brown et al. 2009; Liu and Zhao 2018). The Superpave binder 
specification parameter, G*/sinS, has been widely used as a rutting resistance criterion 
since it was proposed, where G* and S are the complex modulus and phase angle, 
respectively, at the desired temperature (Brown et al. 2009; Liu et al. 2016). Although 
G*/sinS was proven to work well with unmodified binders, it was inadequate in 
predicting the rutting resistance of polymer modified binders (Bouldin et al. 2001; Bahia 
et al. 2001; D’Angelo and Dongre 2002; D'Angelo et al. 2007). A comprehensive 
laboratory study conducted by Bahia et al. (2001) indicated that the G*/sinS of the 
modified binder correlated poorly with the rutting performance of the asphalt mixture 
with corresponding modified binder. Given this poor correlation, Bahia et al. (2001) 
proposed a novel method, the repeated creep and recovery (RCR) test to measure the 
strain accumulated in the modified binder by simulating the in-situ vehicle loading mode. 
A dynamic shear rheometer (DSR) was used to perform the RCR test. The test was
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conducted over a 100 cycles of strain creep at a given stress level (i.e., 30 to 300 Pa). One 
cycle of strain creep included 1 sec. of creep loading and 9 sec. of recovery. The RCR 
test was found to better simulate the in situ loading in the asphalt binder, taking into 
consideration the delayed elastic response of asphalt binder (Bahia et al. 2001). However, 
D’Angelo et al. (2007) indicated that a single stress level applied in RCR did not consider 
the stress dependency of polymer modified binders. They believed that it was necessary 
to test the modified binders at multiple stress levels to take into account the nonlinear 
behavior of modified binders. Accordingly, D’Angelo et al. (2007) developed the 
multiple stress creep and recovery (MSCR) test.
The Federal Highway Administration (FHWA) has been assessing the MSCR test 
as a possible alternative to the previous high-temperature binder tests. Besides its ability 
to predict the permanent deformation of asphalt binder, the MSCR test is a user-friendly 
and quick test (Jafari et al. 2015). According to the latest version of the MSCR test 
(AASHTO T 350), the test is performed on binders subjected to short-term aging process 
using the rolling thin-film oven (RTFO) (AASHTO T240). Using DSR, a creep load is 
applied to a RTFO asphalt residue for 1 sec., followed by a 9 sec. of recovery. The test is 
started at the stress of 0.1 kPa for 20 load-recovery cycles (in which the first 10 cycles are 
conducted to precondition the sample), followed by another 10 cycles at the stress of 3.2 
kPa.
The MSCR test has been gaining popularity in the asphalt industry. According to 
the database from the Asphalt Institute (Asphalt Institute 2020), many states in the United 
States have fully implemented the MSCR test and specification (AASHTO M332) to 
characterize asphalt binders (Figure 1). Although significant work has been done with the
MSCR test, and the test has shown its superiority in predicting permanent deformation 
resistance of some modified binders, there are still concerns being raised regarding its 
testing protocol (D’Angelo 2009; Golalipour 2011; Wasage et al. 2011; Zhou et al. 2018). 
It is believed that the rutting of modified binders is a nonlinear behavior (Jafari et al. 
2015). Therefore, it is critical to understand the nonlinear behaviors of a modified binder 
to better understand its rutting performance (D’Angelo et al. 2007). According to Wasage 
et al. (2011), the non-recoverable creep compliance (Jnr) correlated poorly with the rut 
depth of the wheel tracking test of the asphalt mix at 10,000 cycles at low stress levels. 
The Jnr at 12.8 kPa showed best correlation with the rut depth. A similar conclusion was 
reached by Zhou et al. (2018), which indicated that the Jnr at stress levels equal to or 
higher than 12.8 kPa was more suitable to evaluate the rutting resistance of their studied 
binders. Stempihar et al. (2017) indicated that the Jnr-diff, which is incorporated in 
AASHTO M332 was not an appropriate parameter for indicating stress sensitivity 
because it unfairly penalized those asphalt binders with low Jnr values. According to 
other studies (Hossain et al. 2015; Sadeq et al. 2018), the 9 sec. of recovery time 
incorporated in AASHTO T350 was insufficient to fully recover the recoverable strain.
Alaska is one of the states that have implemented the MSCR test (AASHTO T350 
and AASHTO M332) as a PG-Plus test. There is a need to better understand the 
implications of using the MSCR test on Alaskan binders, especially on those highly 
polymerized binders. Therefore, the main objectives of this study are: (a) to investigate 
the rutting resistance of Alaskan binders by using MSCR tests; (b) to evaluate the 
suitability of current MSCR testing method and specification to Alaskan polymer 
modified binders; (c) to evaluate the stress sensitivity of Alaskan polymer modified
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binders; and (d) to assess the effect of loading conditions, such as creep recovery time 




Nine asphalt binders used in ADOT&PF paving projects were collected, including 
one unmodified binder (PG 52-28) and eight polymer modified binders. These nine 
asphalt binders were collected from three different suppliers, as summarized in Table 1. 
Most of the studied modified binders were modified by polymers (e.g., elastomeric SBS 
polymers). According to AASHTO T350, the MSCR test should be conducted on short­
term aged binders. Therefore, all binders used in this study were subjected to the RTFO 
aging process (AASHTO T 240). A thin film of asphalt binder was exposed to an 
elevated temperature (163°C) and air blow (4,000 ml/minute) for 85 minutes by rotating 
RTFO bottles (15 revolutions/minute).
2.2. LABORATORY TESTING
As summarized in Table 2, four MSCR tests with different testing protocols were 
carried out to evaluate the rutting resistance of the Alaskan binders and investigate the 
suitability of AASHTO T350 and AASHTO M332 for these binders. A DSR device was 
used to conduct these four MSCR tests and the 25 mm parallel plate with a 1 mm gap was 
used. In general, 2 replicates were tested in this study.
Method I was the standard test based on AASHTO T350. Creep and recovery 
loading cycles were carried out at shear stress levels of 0.1 kPa and 3.2 kPa, including 20 
cycles at 0.1 kPa immediately followed by 10 cycles at 3.2 kPa. The first 10 cycles at 0.1 
kPa were conducted with the purpose of preconditioning the sample. Each cycle 
containing 1 sec. of creep loading followed by 9 sec. of recovery. Three testing 
temperatures (based on the binders’ high-temperature PG) were used.
Method II was a non-standard test selected based on D’Angelo et al. (2007). Tests 
were conducted at 11 stress levels from 0.025 kPa to 25.6 kPa. The stress levels were in a 
sequence in which the next stress level was double of the previous one. For example, 
0.025 kPa was followed by 0.05 kPa, while 0.05 kPa was followed by 0.1 kPa. The 
purpose to use such a wide stress range (i.e., 0.025 kPa to 25.6 kPa) was to simulate the 
stresses that the asphalt binder may undergo in real in-situ situations (e.g. different 
pavement structures, climates, and traffic levels). In this study, 10 cycles (1 sec. of creep 
loading and 9 sec. of recovery as one cycle) were performed at each selected stress level. 
Tests were conducted at two temperatures, i.e., 52°C and 58°C.
Similar to Method II, Method III applied the same 11 stress levels. 10 cycles of 
creep and recovery periods at each stress level were performed as well. Instead of a cycle 
of 1 sec. of creep loading and 9 sec. of recovery, Method III applied a cycle of 1 sec. of 
creep loading and 19 sec. of recovery to investigate if the 9 sec. of recovery time is 
sufficient to have the recoverable strain be fully recovered. Tests were conducted at 
52°C.
Method IV applied four different stress levels (i.e., 0.1 kPa, 0.8 kPa, 3.2 kPa, and 
12.8 kPa). Instead of 10 cycles of creep and recovery periods, 50 cycles were applied to
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investigate if the Jnr of the studied modified binders can reach a steady state within 
limited loading cycles. A cycle of 1 sec. of creep loading and 19 sec. of recovery was 
applied. Tests were conducted at 52°C.
Four parameters, namely the non-recoverable creep compliance (Jnr) at each 
cycle, the percent recovery (R) at each cycle, the average Jnr at each stress level, and the 
average R at each stress level were calculated using equations 1, 2, 3, and 4, respectively.
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Jnr(a,N) = $10/a  [1]
R (a, N) = (f  1 -  f  10)/ f  1 x 100% [2]
Jnr (a) = loading cycles Jnr(a, N))/Num ber o f  loading cycles [3]
R(o) = (Zw=^^er loadin3 cycles R(a, N ))/N um ber o f  loading cycles [4]
where <fio is the difference between the strain at the end of the recovery period and the 
strain at the start of creep period for each cycle, <fi is the difference between the strain at 
the end of the creep period and the strain at the start of the creep period for each cycle; 
and o is the stress level (e.g., 0.1 kPa).
3. RESULTS AND ANALYSIS
3.1. EVALUATION OF RHEOLOGICAL PROPERTIES BY STANDARD 
MSCR (METHOD I)
According to AASHTO M332, the asphalt binder can be graded based on the Jnr 
value at 3.2 kPa of stress level. There are four grades at the desired testing temperature 
based on the traffic level, as shown in Table 3. Table 4 presents the MSCR test results 
based on AASHTO T 350. As shown, the non-recoverable compliance (Jnr) of neat
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binder was much higher than those of modified binders at identical testing temperatures 
and stress levels, which indicated that the polymer modification improved the rutting 
resistance of the binder. The neat binder (PG 52-28) could be graded as “H” and “S” at 
46°C and 52°C, while it failed at 58°C. All the modified binders except for binder #8 (PG 
58-34 from supplier C) and binder #9 (PG 52-34 from supplier C) showed extremely low 
Jnr values, in some cases lower than 0.05 kPa"1. Therefore, the polymer modified binders 
(binders #2 to #7) could be graded as “E” without considering the percent difference of 
non-recoverable creep compliance (Jnr-diff). As presented by equation 5, the Jnr-diff is 
defined to evaluate the stress sensitivity of the binder according to AASHTO M332.
Jnr- d i f f  = (jnr (32)  -  Jnr(0.1))/Jnr(0.1) x 100% [5]
According to AASHTO M332 (2014), the Jnr-diff of asphalt binder should be 
lower than 75% to meet the requirement. As shown in Table 3, all the modified binders 
failed the requirement at 46°C and 52°C. Only two binders, binder #3 (PG 64-40 from 
supplier A) and binder #6 (PG 64-40 from supplier B), met the requirement of less than 
75% at 64°C.The Jnr (0.1) for binders #2 and #5 (PG 52-40) showed negative values at 
58°C. This may because of the strain was not fully recovered at the end of the recovery 
period of one cycle, which would cause the strain at the end of the recovery period for the 
next cycle to be lower than the strain at the beginning of the creep period. In addition, 
according to Zhou et al. (2018) and Hossain et al. (2015), for general asphalt binders 
(neat and usual modified binders) the Jnr(3.2) was usually higher than or almost identical 
to Jnr(0.1). However, as shown in Table 3, the Jnr(3.2) was lower than Jnr(0.1) for 
binder #5 (PG 52-40 from supplier B) at 52°C. The binders with the same high- 
temperature PG had totally different Jnr(3.2) values, for example binder #1 showed a
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Jnr(3.2) value almost 40 times higher than that of binder #2 at 52°C, while they both had 
a PG of “52”. Binders having the same PG from different suppliers showed different Jnr 
values at identical testing temperatures. The polymer modified binders showed much 
higher percent recovery (R) values than that of the neat binder.
3.2. EFFECTS OF DIFFERENT STRESS LEVELS (METHOD II)
The Jnr values of studied Alaskan binders at different stress levels at 52°C are 
presented in Figure 2. As indicated before, Method II carried out in this study involved 
11 stress levels (from 0.025 kPa to 25.6 kPa). However, the Jnr values at the highest 
stress level (i.e. 25.6 kPa) were not included in Figure 2 since the strain values collected 
at this stress level was deemed as "invalid". At such high stress level, most of the asphalt 
samples flowed out from the DSR plates which caused extremely high strain. The similar 
phenomenon was reported by Behnood and Olek (2017). For neat binder (#1, PG 52-28 
from supplier A), the Jnr values did not show significant variation at the stress levels 
lower than 3.2 kPa, but when the stress level was higher than 3.2 kPa, the Jnr values 
showed a perceptible increase in nonlinear trend. For binder #2 (PG 52-40 from supplier 
A), the nonlinear stress boundary was found at 0.8 kPa, while for binders #8 (PG 58-34) 
and #9 (PG 52-34), which were from the same supplier C, the nonlinear stress boundary 
was found at 0.4 kPa. For binder #5 (PG 52-40 from supplier B), the lowest Jnr value 
was found at 0.025 kPa. Beyond this point, the Jnr values were independent of stress 
level until 0.4 kPa. The nonlinear stress boundary was found at 0.4 kPa for binder #5. For 
highly polymerized binders (e.g., binders #3 and #6, which were both PG 64-40), the Jnr 
values at 0.025 kPa and 0.05 kPa were higher than those at the nonlinear stress limit for
each binder. These high Jnr values may be attributed to the dormancy of the polymer 
network at such low stress levels. As shown in Figure 2, the Jnr values for binder #3 
were independent to stress level after 0.05 kPa. Thus, a high stress was recommended to 
be selected to study the nonlinear behavior of binder #3 (PG 64-40 from supplier A). For 
binder #6 (PG 64-40 from supplier B), the Jnr values increased dramatically at 12.8 kPa. 
The instability in Jnr may be attributed to the breakup of the polymer network at such 
high stress level.
Comparing Figures 2 and 3 (which gives the Jnr values of binders at 58°C), it was 
noticed that the Jnr at a certain stress level dramatically increased with an increase in 
temperature for the identical binder as expected. It was also found that different binders 
showed different temperature sensitivities. For example, binder #2 (PG 52-40 from 
supplier A) showed lower Jnr values than that of binder #7 (PG 58-34 from supplier B) at 
52°C, while the opposite trend was found at 58°C. In other words, the increment on Jnr 
values of binder #2 was much more significant than that of binder #7 when the 
temperature increased from 52°C to 58°C. However, the nonlinear stress boundaries of 
binders were found to be independent of temperature. The trend of Jnr values with the 
increase of stress level did not vary with the change of temperature.
The Jnr results of Method II indicated that, at both testing temperatures (52 and 
58°C) , the Jnr values at extremely low stress levels showed odd results, and it was 
believed that these Jnr values were not the true representation of the studied binders. 
Besides, asphalt binders were believed seldom experience such low stress level in the 
field during their service life (Golalipour et al. 2016). The nonlinear stress limits of 
studied binders (except for binder #3/PG64-40 from supplier A) were all found to be less
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than 3.2 kPa at both testing temperatures. Figure 4 presents the plot of strain vs. time 
during the first creep and recovery cycle at stress level of 0.1 kPa for binder #1 (PG 52­
28 from supplier A). As shown, the strain did not decrease immediately after the load was 
removed. Behnood and Olek (2017) attributed this phenomenon to the incapability of the 
DSR to immediately remove the load as expected.
As mentioned previously, AASHTO M332 (2014) uses Jnr-diff (Eq.5) to evaluate 
the stress sensitivity of the binders and specifies that Jnr-diff should be less than 75%. 
According to this criterion all of the modified binders in this study failed. Therefore, one 
could conclude that the studied polymer modified binders were very sensitive to stress.
As shown in Figure 2, binder #1 (PG 52-28 from supplier A) visually appeared to have a 
slightly more significant change in Jnr with increasing stress level (removing the data at 
extremely low stress levels) compared with the binder #3 (PG 64-40 from supplier A). 
However, the Jnr-diff results implied that binder #3 (the Jnr-diff was 1037.72%) was 
more sensitive to stress than the binder #1 (the Jnr-diff was 22.75%). Based on the visual 
comparison the Jnr-diff values may not accurately reflect the stress sensitivity of the 
studied highly modified binders. A similar phenomenon was found by Stempihar et al. 
(2017). Based on this, Stempihar et al. (2017) proposed a new parameter, Jnr-slope 
(equation 6), to evaluate the stress sensitivity of binder. However, in this study, it was 
hard to say if Jnr-slope was more suitable than Jnr-diff for Alaskan polymer modified 
binders. The parameter of Jnr-slope needs further validation through examination of field 
data.
Jnr-slope = Q nr(3.2) — Jnr(0.1))/(3.2 — 0.1) x 100% [6]
The percent recovery (R) can be applied to evaluate the viscoelastic behavior of 
highly modified binders. The R represents the elastic nature of an asphalt binder. A high 
R value indicates that the strain recovers very quickly after the creep load is removed. 
Figure 5 presents the R values of the studied binders under different stress levels at 52°C. 
As shown, the R values of modified binders were significantly greater than that of neat 
binder #1 (PG 52-28 from supplier A) at most stress levels. Figure 5 shows R values were 
greater than 100% at extremely low stress level for some highly modified binders, which 
indicated that the highly modified binders showed almost elastic behavior at low stress 
levels. The reason for values greater than 100% was perhaps due to the inability of the 
DSR to capture the extremely low strain values. For modified binders, the R decreased as 
the stress level increased, indicated that modified binders behaved more viscous as the 
stress level increased. In addition, it can be found that the R for some studied binders 
were negative at high stress level (i.e., at 12.8 kPa). Behnood and Olek (2017) attributed 
this phenomenon to the inability of the DSR to release the load immediately, while Jafari 
et al. (2015) indicated that the negative R values were because of the extremely large 
strains due to the high stress level, which caused the binders to become extremely 
flowable and unstable. In this study, the negative R values may be attributed to the strain 
that did not fully recover at each stress level. The remaining recovery effect then offset 
the creep load for the next cycle.
3.3. EFFECTS OF RECOVERY TIME (METHOD III)
As mentioned previously, Masad et al. (2009) and Sadeq et al. (2018) concluded 
that the 9 sec. of recovery time incorporated in the standard MSCR test (AASHTO T350
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(2014)) was insufficient to have the recoverable strain be fully recovered. Method III was 
conducted to study the effects of recovery time. Except for increasing the recovery time 
for each load cycle to 19 s, all the testing procedures were the same as those applied in 
Method II, which included the 10 creep and recovery loading cycles at each of the 11 
selected stress levels. Figures 6 presents the Jnr and R of highly modified binders at 
different stress levels. Sub-figures are used to better illustrate the effects of recovery time 
on Jnr and R results of each studied asphalt binder. As shown in Figure 6 (a), the 
increased recovery time showed an insignificant effect on the Jnr and R of the neat binder 
(#1, PG 52-28 from supplier A), which implied that 9 sec. of recovery time was enough 
for binder #1. In other words, the strain could be fully recovered after 9 sec. of recovery 
time. However, for most studied modified binders the increased recovery time could 
bring a decrease in Jnr and an increase in R (Figures 6 (b-i)), which may substantiate the 
conclusions of Masad et al. (2009) and Sadeq et al. (2018) that the 9 sec. of recovery time 
was insufficient to have the recoverable strain be fully recovered. For binder #2 (PG 52­
40 from supplier A), Figure 6(a) shows that the Jnr values calculated from Method II 
were slightly higher than those calculated from Method III. As the stress increased to 6.4 
kPa, the differences became more pronounced. However, for binders #7 (PG 58-34 from 
supplier B) and #9 (PG 52-34 from supplier C), the increased recovery time showed an 
insignificant effect. In addition, it can be concluded that the increased recovery time did 
not change the variation trends of Jnr and R as the stress level increased.
The plots of strain vs. time at the first creep and recovery cycle at 0.1 kPa of 
stress level for Method III are presented to better understand the effect of recovery time. 
Figures 7 (a-d) present the data for binders #1 to #4, which were from the same supplier
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(A), respectively. As shown, the strain did not recover beyond 9 sec. of recovery time for 
the neat binder (binder #1/PG52-28 from supplier A). For the modified binders, however, 
there was still a significant amount of strain recovered after 9 sec. of recovery time.
3.4. EFFECTS OF NUMBER OF LOAD CYCLES (METHOD IV)
As indicated in the previous section, 50 loading cycles at each stress level (in total 
4 stress levels) were included in Method IV. Therefore, a total of 200 loading cycles were 
included in the test. Figures 8 (a-i) illustrate the effects of the number of loading cycles 
on the Jnr values of each studied asphalt binder. As shown, in general, the Jnr of each 
binder increased (i.e. stiffness decreased) with the increase in stress level, which 
indicated that the rutting resistance of the asphalt binder degraded. Figure 8(a) shows that 
the Jnr values of the neat binder (#1/PG 52-28 from supplier A) did not change with 
variation of the stress levels up to 3.2 kPa, which was consistent with the finding of 
Method II. The Jnr showed steady-state behavior when the stress level was less than 3.2 
kPa, while an increasing trend was seen at the fourth stress level with the increase in the 
number of cycles. This may occur because of the fracture/failure of the asphalt sample at 
very high stress levels.
For modified binders (Figures 8(b-i)), the decreasing trend of the Jnr values can 
be found in the first 10 cycles for each stress level. Therefore, the 10 load cycles included 
in the current MSCR testing standard (AASHTO T 350) was unwarranted for the Jnr 
values of highly modified binders to reach a steady-state. It was recommended that at 
least 30 load cycles be included at each stress level and that the strain data at the last five 
cycles be used to calculate the Jnr and R values. This recommendation was in line with
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the finding of Behnood and Olek (2017), which suggested that the load cycles not be less 
than 30 cycles to appropriately study the behavior of styrene-butadiene-styrene (SBS) 
modified binders. The variability of the Jnr values at 12.8 kPa for highly modified 
binders further supported the statement that the high stress levels were inappropriate in 
MSCR tests for most of the Alaskan modified binders.
4. CONCLUSIONS AND RECOMMENDATIONS
This study characterized nine Alaskan binders from three different suppliers using 
four different MSCR tests (Methods I, II, III and IV). The study intends to provide 
recommendations for appropriate testing procedures and methods for typical Alaskan 
binders. Based on the results, the following conclusions and recommendations were 
made:
• According to the results of Method I (standard MSCR method, AASHTO T350), the 
modified binders showed much lower Jnr values and higher R values than the neat 
binder, which indicated that the rutting resistance of the modified binders was better 
than that of the neat binder. The binders with the same high-temperature performance 
grade could show totally different Jnr and R values.
• After removing data at two extremely low stresses (i.e., 0.025 and 0.050 kPa), all of 
the studied binders showed an increasing trend of Jnr as the stress level increased.
The nonlinear stress limits of studied modified binders (except for binder #3/PG 64­
40 from supplier A) were found to be less than 3.2 kPa. A high stress level (higher 
than 12.8 kPa) was recommended for binder #3 (PG 64-40 from supplier A) to study
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its non-linear behavior. The stress sweep test is recommended for the future studies to 
better understand the linear and non-linear behaviors of the Alaskan modified asphalt 
binders.
• The Jnr-diff values may not accurately reflect the stress sensitivity of the studied 
highly modified binders. A novel parameter, Jnr-slope, proposed by Stempihar et al. 
(2017), was recommended. However this needs further verification from field data.
• The 9 sec. of recovery time period was not sufficient for the modified binders to fully 
recover the recoverable strain. Recovery time period showed a significant effect on 
the Jnr and R values. In addition, 10 loading cycles was found insufficient for Jnr to 
reach a steady state for the highly modified asphalt binders. It was recommended that 
at least 30 load cycles be applied at each stress level and that the strain data from the 
last five cycles be used to calculate the Jnr and R values, in line with Behnood and 
Olek’s statement (2017).
Within the scope of this study, significance of key testing factors (such as stress 
level, creep and recovery time duration, and number of loading cycle) was assessed 
through these four testing methods (i.e. Methods I, II, III and IV). More data of binders 
are needed from future studies and tests, which will be helpful to recommend a complete 
testing protocol and procedures suitable for Alaskan asphalt binders.
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Table 1 Matrix of studied binders
Binder # Binder PG Supplier Modified?
1 PG 52-28 A No
2 PG 52-40 A Yes
3 PG 64-40 A Yes
4 PG 58-34 A Yes
5 PG 52-40 B Yes
6 PG 64-40 B Yes
7 PG 58-34 B Yes
8 PG 58-34 C Yes
9 PG 52-34 C Yes
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I 2 20 at 0.1 
kPa; 10 at 
3.2 kPa
1 9 Three temperatures 
based on binders’ PG
II 11 10 1 9 52 and 58° C
III 11 10 1 19 52 ° C
IV 4 50 1 19 52 ° C




lower than or equal to 0.5 kPa-1 E greater than 30 million equivalent 
single axle loads (ESALs)
higher than 0.5 kPa-1 but lower 
than or equal to 1 kPa-1
V greater than 10 million ESALs
higher than 1 kPa-1 but lower 
than or equal to 2 kPa-1
H greater than 3 million ESALs
higher than 2 kPa-1 but lower 
than or equal to 4.5 kPa-1
S lower than 3 million ESALs
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46 5.07 1.34 1.0180 1.0999 8.04 -
52 6.27 0.86 2.2993 2.8223 22.75 S
58 0.56 0.36 6.7546 7.1594 5.99 -
#2/PG
52-40/A
46 98.23 95.4 0.0159 0.0423 166.68 -
52 99.16 95.39 0.0123 0.0664 437.57 E
58 100.75 89.34 -0.0184 0.2349 -1374.32 -
#3/PG64-
40/A
52 99.87 98.55 0.0007 0.0079 1037.72 E
58 99.6 98.59 0.0029 0.0102 250.28 -
64 98.63 97.79 0.0133 0.0204 53.34 -
#4/PG
58-34/A
52 98.77 93.79 0.0130 0.0670 416.52 E
58 91.12 95.69 1.8030 0.0728 -96.95 -
64 98.55 94.41 0.0397 0.1317 231.87 -
#5/PG
52-40/B
52 90.09 78.51 0.5479 0.1681 -69.32 E
58 101.57 75.68 -0.0181 0.3296 -1936.16 -
64 97.66 74.23 0.0379 0.5308 1300.71 -
#6/PG
64-40/B
52 99.54 98.86 0.0027 0.0071 162.19 E
58 99.27 98.46 0.0054 0.0114 111.17 -
64 98.38 97.00 0.0155 0.0268 72.93 -
#7/PG
58-34/B
52 99.45 84.97 0.0038 0.1082 2778.36 E
58 99.04 90.92 0.0115 0.1143 893.04 -
64 98.79 79.77 0.0242 0.4382 1713.05 -
#8/PG
58-34/C
52 82.6 38.10 0.2439 1.1238 360.81 H
58 98.76 28.26 0.0172 2.4229 14017.61 -
64 73.08 5.72 1.2605 7.8864 479.68 -
#9/PG
52-34/C
52 57.33 29.74 0.5114 1.0135 98.16 H
58 56.13 18.52 1.0320 2.5378 145.92 -




Standard Specification for Performance-Graded Asphalt Binder
Includes States still using M320
• Includes States that use MSCR Recover/ only as a PG-Plus test
□  M320/M332
States that specify M332 for some grades and M320 for other grades
Includes States that allow a substitution of M332 for M320 grades
M332
Standard Specificabon for Performance-Graded Asphalt Binder Using Multiple Stress Creep Recovery (MSCR) test
Includes States that have adopted M332 for all grades
Includes States that have adopted M332 for all grades, but retain the M320 nomenclature
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Figure 6 Jnr and percent recovery values for Method C: (a) binder #1 (PG52-28 from 
supplier A); (b) binder #2 (PG52-40 from supplier A); (c) binder #3 (PG 64-40 from 
supplier A); (d) binder #4 (PG 58-34 from supplier A); (e) binder #5 (PG 52-40 from 
supplier B); (f) binder #6 (PG 64-40 from supplier B); (g) binder #7 (PG 58-34 from 
supplier B); (h) binder #8 (PG 58-34 from supplier C); and (i) binder #9 (PG 52-34 from
supplier C)
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Figure 6 Jnr and percent recovery values for Method C: (a) binder #1 (PG52-28 from 
supplier A); (b) binder #2 (PG52-40 from supplier A); (c) binder #3 (PG 64-40 from 
supplier A); (d) binder #4 (PG 58-34 from supplier A); (e) binder #5 (PG 52-40 from 
supplier B); (f) binder #6 (PG 64-40 from supplier B); (g) binder #7 (PG 58-34 from 
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Figure 7 The first creep and recovery cycle at 0.1 kPa for :(a) binder #1 (PG52-28); (b) 






























Figure 8 Jnr values of modified binders in each cycle at 52°C: (a) binder #1 (PG52-28 
from supplier A); (b) binder #2 (PG52-40 from supplier A); (c) binder #3 (PG 64-40 from 
supplier A); (d) binder #4 (PG 58-34 from supplier A); (e) binder #5 (PG 52-40 from 
supplier B); (f) binder #6 (PG 64-40 from supplier B); (g) binder #7 (PG 58-34 from 








Figure 8 Jnr values of modified binders in each cycle at 52°C: (a) binder #1 (PG52-28 
from supplier A); (b) binder #2 (PG52-40 from supplier A); (c) binder #3 (PG 64-40 from 
supplier A); (d) binder #4 (PG 58-34 from supplier A); (e) binder #5 (PG 52-40 from 
supplier B); (f) binder #6 (PG 64-40 from supplier B); (g) binder #7 (PG 58-34 from 
supplier B); (h) binder #8 (PG 58-34 from supplier C); and (i) binder #9 (PG 52-34 from
supplier C) (cont.)
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ABSTRACT
Asphalt pavement cracking (especially thermal cracking) is one of the most 
prevalent pavement distresses in Alaska and other northern states in the United States. 
Rheological indices such as the Glover-Rowe (G-R) parameter and ATc have been 
reported to have potential in evaluating cracking susceptibility (durability) of asphalt 
binders, though not been applied to Alaskan asphalt binders yet. The objectives of this 
study are to evaluate the cracking susceptibility of Alaskan asphalt binders by using these 
indices and other chemical parameters, and to assess the applicability of these indices. A 
total of 13 plant-produced asphalt binders (neat and polymer-modified) were collected 
from Alaskan paving projects. Fourier transform infrared spectroscopy tests were 
conducted to obtain the chemical index (i.e., Carbonyl Index), and dynamic shear 
rheometer (DSR) and bending beam rheometer (BBR) tests were performed to determine
rheological indices such as the G-R parameter, the crossover frequency, the rheological 
index (R-value), and ATc. The Carbonyl Index results during asphalt oxidative aging 
indicated that the modified asphalt binders were less prone to oxidative aging than the 
neat asphalt binder. However, the ATc results reached the opposite conclusion. The 
modified asphalt binders showed more negative ATc values than the neat asphalt binder 
at long-term aging states (e.g. 40h pressure aging vessel (PAV)). The G-R parameter 
results indicated the studied Alaskan asphalt binders were not susceptible to cracking at 
long-term aging state (e.g. 20h PAV). In addition, it was found that Asphalt binders from 
different suppliers could have different cracking susceptibilities (durability) even though 
they had the same performance grade. The ranking correlation analysis results between 
Carbonyl Index and G-R parameter (and ATc) indicated that both G-R parameter and 
ATc had potential to assess the cracking susceptibility of Alaskan asphalt binders. 
However, more data is needed to further validate the conclusion. It was not recommended 
to use crossover frequency and R-value to assess the cracking susceptibility of Alaskan 
asphalt binders studied since it’s the crossover frequency and R-value were difficult to be 
obtained precisely due to the low phase angle value (sometimes lower than 45° along the 
whole frequency range). Within the scope of this study, the applicable of the current 
standard linear amplitude sweep (LAS) testing and analysis protocols to the Alaskan 
highly modified asphalt binders is questionable.





The use of modified binder has increased significantly in recent years mainly due 
to the increased demand on asphalt pavements, development of Superpave asphalt binder 
specifications, environmental and economic pressure, and public agencies’ willingness to 
pay higher-cost for longer pavement service life. A number of research projects studied 
the properties of modified binders and the performance of asphalt mixtures with modified 
asphalt binders (Brown et al. 2009; Liu et al. 2018). Typically, modified asphalt binders 
have achieved lower viscosity at high construction temperatures to facilitate pumping of 
binder, mixing and compaction of hot-mix asphalt (HMA), higher stiffness at high 
service temperatures to reduce rutting and shoving, and lower stiffness and faster 
relaxation properties at low service temperatures to reduce low temperature cracking 
(Brown et al. 2009; Liu et al. 2016; Kok et al. 2011; Hinislioglu and Agar 2004). Polymer 
modified binders, including highly polymerized binders, have been used more often in 
recent years in Alaska due to the experience that HMA produced with the neat binder (i.e. 
PG 52-28) may not be adequate for the various Alaskan climatic conditions (Liu et al. 
2017). Most of them were developed mainly to address thermal cracking distresses, 
which are the most prevalent pavement distresses in Alaska and other northern states in 
the United States.
Extensive efforts have been made to investigate the cracking resistance of asphalt 
binders (Osterkamp et al. 1986; Zubeck et al. 1996; Kim 2005; Kim 2010). Raad et al. 
(1997) studied the cracking resistance of asphalt mixtures in Alaska, and indicated that 
mixtures with polymer modified binders had better cracking resistance compared with
those with neat binder, and thus 30% to 40% saving in crack sealing cost. A more 
comprehensive study on the thermal cracking resistance evaluation of typical Alaskan 
asphalt binders was conducted by Liu et al. (2017). In their study, the critical cracking 
temperature approach was applied to evaluate the thermal cracking resistance. The 
critical cracking temperatures of asphalt binders calculated from combining the bending 
beam rheometer (BBR) and direct tension (DT) results (AASHTO R 49) were compared 
with those from asphalt binder cracking device (ABCD) (Liu et al. 2017).
The recently-developed rheological indices such as Glover-Rowe (G-R) 
parameter, ATc, and Rheological Index (R-value) had great potential in evaluating the 
cracking susceptibility of asphalt binder, and they seem to correlate well with field 
performance data (Anderson et al. 2011; Glover et al. 2005; Rowe 2011; Mensching et al. 
2015; Mensching et al. 2016). In addition, it has been reported that the growth of oxygen- 
containing functional group (such as carbonyl group) was closely related with oxidative 
aging and also showed very good correlations with the changes in the mechanical 
properties (including cracking susceptibility) due to aging (Wang et al. 2015; Rad et al. 
2018). However, these chemical and rheological indices have not been applied to Alaskan 
asphalt binders yet. Thus, it is needed to evaluate if these indices are applicable for 




The objectives of this study are to evaluate (1) the cracking susceptibility of 
Alaskan asphalt binders at different aging states using different chemical and rheological 
indices; and (2) the applicability of these indices for Alaskan asphalt binders.
3. MATERIALS
A total of 13 asphalt binders used in Alaskan paving projects were collected, 
including one unmodified binder PG 52-28 and 12 polymer modified binders. These 13 
asphalt binders were collected from three different suppliers (Table 1).
To obtain the asphalt binder with different aging extents, the collected 13 Alaskan 
binders were subjected to different artificial accelerated aging processes (i.e., rolling thin 
film oven (RTFO) and pressure aging vessel (PAV) processes). RTFO test was conducted 
on studied binders according to AASHTO T240 (2017) to simulate short-term aging during 
mixing and construction. The RTFO residues were subjected to the PAV testing at 100 °C 
and 2.1 MPa for 20 hours according to AASHTO R 28 (2016) to simulate long-term aging. 
The PAV test was also conducted at 100 °C and 2.1 MPa for 40 hours to simulate prolonged 
aging time in the field.
4. TESTS AND INDICES
The tests conducted in this study to evaluate the cracking susceptibility of 
Alaskan asphalt binders included Fourier transform infrared spectroscopy (FTIR),
Temperature-Frequency sweep test by dynamic shear rheometer (DSR), BBR test, and 
linear amplitude sweep (LAS) test.
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4.1. FTIR
The FTIR has been extensively applied to identify the functional groups in asphalt 
binders (Hou et al. 2018; Rad et al. 2018). In this study, the carbonyl group (at the 
wavenumber around 1700 cm-1), which was well proved to closely related to aging and 
cracking resistance of asphalt binder was applied (Wang et al. 2015; Rad et al. 2018). 
Although the FTIR sample could be prepared carefully, it is still a hard task to have an 
asphalt film with a perfectly homogeneous and the same thickness. To eliminate the 
effects of the difference by sample preparation, some researchers applied the ratios 
between carbonyl absorbance peak (area) values and the peak (area) values at the 
functional groups, such as ethylene groups (CH2) at 1,460 c m 1 and methyl (CH3) at 
1,375 c m 1 which are believed not varied during the asphalt oxidation as chemical aging 
indices (de La Roche et al. 2013). In this study, the Carbonyl Index (Equation 1) was 
adopted as the chemical index to evaluate the cracking susceptibility of Alaskan asphalt 
binders. The two-point method was applied to calculate the absorbance areas (de La 
Roche et al. 2013; Hou et al. 2018). Two points (wavenumber values) around the target 
wavenumber (e.g. 1,700 cm-1) were designated based on the method used in the reference 
(de La Roche et al. 2013; Hou et al. 2018), and the absorbance area within these two 
points was calculated.
Carbonyl Index: Area around 1,700 cm-1
Area around 1,460 cm-1 + Area around 1,375 cm-1 [1]
In this study, the infrared spectra were obtained using a PerkinElmer FT-IR 
spectrometer-Spectrum Two equipped with a single-reflection diamond attenuated total 
reflection (ATR) accessory. About 1 gram of bitumen was placed directly on the Internal 
Reflection Element (IRE), and a fixed load was applied to the sample to ensure full 
contact with the diamond ATR. 12 scans were averaged for each sample within the 
wavenumber range of 4000 to 400 cm-1 at a resolution of 8 cm-1. Four duplicate samples 
were conducted on each binder specimen to ensure the consistency of the measurements. 
The average of the measurements from each specimen was used for data analysis.
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4.2. TEMPERATURE-FREQUENCY SWEEP TEST
The Temperature-Frequency sweep tests at different temperatures were conducted 
to obtain the complex modulus (G*) and phase angle (5) master curves. The theory 
underlying the construction of master curves is called time-temperature superposition. In 
simple terms, this theory states that for linear viscoelastic materials under loading, the 
response under a specified loading frequency and temperature is equivalent to the 
response at some other lower frequency and lower temperature. Mathematical models are 
sometimes used to describe asphalt binder master curves — how the modulus and phase 
angle vary with frequency and temperature. One widely used model is the Christensen- 
Anderson (CA) model (23), shown in Equations 2 and 3.
,(log2)/^-|-R/(log2)
G(V Gg [ l+ ( v ) [2]
5w=9o/ [(̂ )H [3]
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where, G*w) is complex modulus; Gg is glass modulus assumed equal to 1 GPa; ro is the 
reduced frequency (rad/s); w c is crossover frequency; and R is rheological index.
The crossover frequency, mc, is defined as the frequency when storage modulus 
equal to loss modulus at the desired temperature. In general, as the crossover frequency at 
the reference temperature decreases, the hardness of asphalt binder increases. The 
rheological index, R, is defined as the difference between the log of the glassy modulus 
and the log of the dynamic modulus at the crossover frequency. As can be seen from 
Equation 2, R could be the shape parameter of G* master curve. As R increases, the G* 
master curve could become more flat, which indicated the asphalt binder could have a 
more gradual transition from elastic behavior to viscous behavior. In general, as the 
asphalt binder ages, the binder becomes harder, and thus the crossover frequency 
decreases and R increases. The crossover frequency-R-value Black Space has been 
widely applied to investigate the thermal cracking resistance of asphalt binders 
(Mensching et al. 2015; Mensching et al. 2016). It was concluded that asphalt binders 
which were more susceptible to thermal cracking could have a lower crossover frequency 
value and higher R-value.
The Glover-Rowe (G-R) parameter was originally developed by Glover et al. 
(2005) in the form of G’/ (n’/G’) at 15°C and 0.005 rad/s (hereafter referred to as Glover 
parameter), where G’ is the storage modulus and n’ is the dynamic viscosity. According 
to Glover et al. (2015), Glover parameter was correlated robustly with the asphalt 
pavement cracking, and Glover parameter of 0.0009 MPa and 0.003 MPa could be the 
borderline of pavement cracking and the indication of severe pavement cracking, 
respectively. To make the Glover parameter more understandable, Rowe (2011)
simplified Glover parameter to G*(cos5)2/sin5 at 15°C and 0.005 rad/s (was usually 
referred to as Glover-Rowe (G-R) parameter), which was composed of complex modulus 
(G*) and phase angle (5), that are widely accepted Superpave parameters. The low 
frequency of 0.005 rad/s is hard to reach for general DSR device and the test at an 
extremely low frequency is time-consuming. Therefore, the G* and 5 master curves at a 
reference temperature of 15 °C are usually applied to obtain the G* and 5 values at 0.005 
rad/s.
In this study, DSR Temperature-Frequency sweep tests were carried out on 
studied binders with three different aging states (i.e., RTFO, 20h PAV, and 40h PAV) at 
four different temperatures (i.e., 5°C, 15°C, 25°C, and 35°C) using the 8 mm parallel 
plate with a 2 mm gap based on Anderson et al. (2011) and AASHTO T 315 (2019). The 
strain control mode with a strain of 1% was also applied by following the testing protocol 
described in Anderson et al. (2011). At each testing temperature, the logarithmic ramp 
mode was applied for frequency from 100 to 0.1 rad/s (descending). The quality of 
frequency sweep data was checked, and the G* and phase angle master curves were 
constructed using the RHEATM software by applying the Christensen-Anderson (CA) 
model. A more detail description of the principle of the RHEA™ software can be found 
in other literature (Rowe 2014; Moraes amd Bahia 2018). The G-R parameter, crossover 





The BBR tests were conducted to obtain ATc. ATc was developed by Anderson et 
al. (2011) (Equation 4), which is defined as the difference between the critical low 
temperatures of the asphalt binders, determined using the BBR, where the stiffness at 60s 
of loading time is exactly equal to 300 MPa and the m-value at 60s of loading time is 
exactly equal to 0.3. As indicated by Anderson et al. (2011), the asphalt binder that was 
more susceptible to cracking could be more m-controlled, thus had more negative ATc 
value. Anderson et al. (2011) also noted that ATc of -3 could be the onset of cracking 
while ATc of -5 could be the indication of severe loss of durability.
ATc = Tc,S - Tc,m [4]
In this study, BBR tests were conducted on binders with three aging states (i.e., 
RTFO, 20h PAV, and 40h PAV) according to AASHTO T313 (2019). The BBR tests were 
conducted at multiple temperatures to determine the continuous low-temperature grades 
(critical temperatures) for both stiffness and m-value. Equations 5 and 6 present the 
expressions used to calculate the critical temperatures (Anderson et al. 2011).
T , = Ti+c,s
rLog(300)-Log (Sj) 
[ Log(Sj)-Log (S2) X (Tj-T2)] -10 [5]
Tcm = T1+ ^  X (T1~T2)] - l0 [6]
where, Tx and T2 are temperatures #1 and #2, respectively, °C; and S2 are stiffness at Tx 
and 72, respectively, MPa; and m 1 and m 2 are m-value at 7\ and 72, respectively.
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4.4. LAS TEST
The linear amplitude sweep (LAS) test has been extensively applied to evaluate 
the fatigue cracking of asphalt binder at intermediate temperatures (Cao et al. 2018; Cao 
and Wang 2019). In this study, LAS tests were conducted on the collected Alaskan 
binders with three different aging states at 10 °C based on AASHTO TP 101-12. The 
LAS test consists of two parts, which are the frequency and amplitude sweep tests. The 
frequency sweep test was performed at 0.1 percent strain over a range of frequency from 
0.2 to 30 Hz to determine the undamaged properties of the sample. The amplitude sweep 
test was conducted by applying an oscillatory shear load in strain-control mode at a 
frequency of 10 Hz. Loading was increased linearly from zero to 30% over the course of 
the 3,100 cycles of loading. The viscoelastic continuum damage (VECD) theory was 
applied to calculate the parameters A and -B, which can be used to obtain the fatigue 
parameter, number of cycles to failure (Nf). Equation 7 presents the formula.
Nf =A y -b [7]
where, y is the maximum expected on-site asphalt binder strain.
5. RESULTS AND ANALYSIS
5.1. CARBONYL INDEX
Based on the literature (Petersen 2009; Yao et al. 2015), the functional groups of 
asphalt binder that related to the oxidative aging are mainly located around the region of 
1200-1800 cm-1. Figure 1 presents the FTIR spectra of binders #1 to #5, using binders 
from the same supplier (i.e. supplier A). The spectrum for each binder at a given aging
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state was the average from four duplicates. As shown, the intensity of the spectral peaks 
for the ethylene groups (CH2) at 1,460 c m 1 and methyl (CH3) at 1,375 c m 1 of the 
modified binders were not varied during the asphalt oxidation. This is consistent with 
findings from other previous studies (Cavalli et al. 2018; Zaumanis et al. 2020), which 
recommended that the spectral peaks for the CH2 and CH3 could be used as reference 
groups since they are not affected by asphalt oxidation. However, for binder #1 
(unmodified), the absorbance peak at around 1,460 c m 1 and 1,375 c m 1 varied at 
different aging state, while the absorbance area did not change a lot. This would attribute 
to the differences in sample thickness. As shown in Figure 1, the absorbance peak (area) 
for the carbonyl group (at around 1700 cm-1) varied significantly with the aging states 
changing from RTFO to 40h PAV. However, the carbonyl group absorbance peak (area) 
of the original binder did not vary a lot after RTFO aging, which indicated that not much 
asphalt oxidation happened during the RTFO process. Since the insignificant difference 
in chemical compounds between original binder and RTFO aged binder, the data for 
original binders (unaged binders) were excluded for the subsequent analysis. It should be 
noted that a similar conclusion was drawn for all studied Alaskan asphalt binders from 
other suppliers.
Figure 2 presents the Carbonyl Index values of the studied binders with different 
aging states. As indicated in the literature (Rad et al. 2018), the Carbonyl Index could 
increase with the increase of aging time, and it was generally believed that the asphalt 
binder with the higher Carbonyl Index value would be more susceptible to cracking. As 
shown in Figure 2, the modified asphalt binders, except binder #7 (PG 64-40 from 
supplier B) showed lower Carbonyl Index value than the unmodified binder (binder #1)
at RTFO aging state, while binder #7 showed highest Carbonyl Index value among all 
studied binders at RTFO aging state. However, as aging extent increased, binder #7 no 
longer provided highest Carbonyl Index value. It should be noted that the unmodified 
binder (#1/PG52-28 from supplier A) showed highest Carbonyl Index value at 40h PAV 
aging state, which indicated that the modified binders showed better performance than 
the unmodified binder in terms of long term aging resistance. In addition, by comparing 
the data for 20h PAV binders and 40h PAV binders, one could find that the increase of 
Carbonyl Index with aging was much more obvious for unmodified binder than the 
modified binders. It inferred that the Alaskan pavements with unmodified binder would 
be hardened more significant than those with modified asphalt binders in the later phase 
of the service life.
5.2. GLOVER-ROWE (G-R) PARAMETER
Figure 3 presents the Glover-Rowe parameters of the studied binders in Black 
Space Diagram. The location of G-R parameter for each asphalt binder in Black Space 
Diagram approached the Glover-Rowe damage zone (Figure 3) as the asphalt binder 
aged, which implied that the G-R parameter had potential to assess the cracking 
resistance of the studied Alaskan asphalt binders (Anderson et al. 2011). The results 
showed that only the modified asphalt binders from supplier C with 40h PAV aging state 
(i.e., binders #10, #11, #12, #13) reached the threshold values, while other aged modified 
asphalt binders were not at risk of cracking, according to their locations of G-R 
parameters in Black Space Diagram. At aging state of 20h PAV, all the data points lied in 
the safe zone (below the damage zone). It seems that all Alaskan asphalt binders were not
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susceptible to cracking at that aging state. However, according to the preliminary field 
survey by the research team and the experience of Alaskan pavement engineers, the 
asphalt pavements with unmodified asphalt binder (#1, PG 52-28) were generally had 
severe cracking issues after several years of service. Therefore, if 180 kPa is reliable 
enough as the acceptance limit for G-R parameter, the time duration of the standard PAV 
procedure (AASHTO R 28) need to be re-evaluated for the Alaskan asphalt binders to 
more accurately simulate the in-site long-term aging. Likewise, if 20h of PAV procedure 
is able to simulate the in-site asphalt binder long-term aging, the threshold values of the 
G-R parameter (i.e. 180 and 450 kPa for initial and severe cracking, respectively) were 
recommended to be verified using a comprehensive database with field cracking data.
As can be seen from Figure 3, the phase angle values of modified binders from 
suppliers A and B were insensitive to aging at the temperature-frequency combination of 
15°C and 0.005 rad/s. The phase angle is an important parameter to characterize the 
relaxation behavior of asphalt. In general, the insensitivity of phase angle with aging 
infers that the relaxation properties did not change a lot as the asphalt aged. However, it 
should be noted that asphalt binder is a viscoelastic material which exhibits temperature 
and frequency dependent behavior. According to the Glover et al. (2005), the 
temperature-frequency combination of 15°C and 0.005 rad/s is approximately equivalent 
to the temperature-frequency combination of 44.7°C and 10 rad/s based on the time- 
temperature superposition principle. Therefore, although the G-R parameter is proved 
correlated well with low temperature cracking of asphalt, the individual phase angle at 
temperature-frequency combination of 15°C and 0.005 rad/s cannot be served as low 
temperature cracking susceptibility indicator. Thus, the insensitivity of phase angle in this
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case did not mean the low-temperature relaxation properties of Alaskan modified binders 
did not change as the asphalt binders aged.
5.3. DIFFERENCE IN CRITICAL LOW TEMPERATURES (ATc )
Figure 4 presents the ATc values of the studied Alaskan asphalt binders. As 
mentioned previously, ATc can be used to quantify the loss of durability of asphalt binder 
with aging (Anderson et al. 2011; Jacques et al. 2016). As shown in Figure 4, for each 
binder, ATc decreased (became more negative) as the asphalt aged, indicating that ATc 
showed potential to assess and quantify the cracking susceptibility (durability loss) of 
asphalt binder.
Anderson et al. (2011) indicated that ATc values of -3 and -5 could be indications 
of onset of cracking and severe damage, respectively. It can be seen in Figure 4 that ATc 
of all modified binders (except for binders #3 (PG 64-40) and #4 (PG 52-46) from 
supplier A) with 40h PAV aging state reached the threshold value of -3. The modified 
binders from suppliers B and C even had ATc values lower than -5 (more negative) at 
40h PAV aging state. The unmodified asphalt binder showed ATc values higher than -3, 
regardless of aging states, which implied that the unmodified asphalt binder was not at 
the risk of cracking, even though it was severely aged. In addition, at the aging state of 
20h PAV, some of the modified asphalt binders (such as binders #8 to #13) showed more 
negative ATc values than the unmodified asphalt binder (#1, PG52-28). Similar to the G- 
R parameter, the threshold values of the ATc were recommended to be validated as well.
Binder #4 (PG 52-46 from supplier A) showed the highest ATc value at both 20h
PAV and 40h PAV aging states, while binder #9 (PG 58-34 from supplier C) showed the
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highest ATc value at RTFO aging state. ATc of modified binders were more sensitive to 
aging than that of neat binder. Especially, for binder #9 (PG 58-34 from supplier C), the 
ATc of RTFO aged binder was 4.3 while that of 40h PAV aged binder as low as -8.5. 
Long-term aged binder #13 (PG 64-28 from supplier C) was most prone to cracking since 
it showed the lowest (most negative) ATc value, which was consistent with the results of 
the G-R parameter. Among all 20h PAV aged binders, binders #10 and #11 showed the 
lowest ATc values, and reached the cracking threshold value of -3 °C.
5.4. RHEOLOGICAL INDEX (R-VALUE)
The crossover frequency and R-value are also frequently used to evaluate the 
cracking resistance of the asphalt binder. As indicated by Mensching et al. (2016) and 
Romero and Jones (2013), for general binders, with the increasing of aging time, the 
crossover frequency of asphalt binder could decrease while rheological index could 
increase. Figure 5 shows the crossover frequency and R-value of the studied Alaskan 
asphalt binders. For most binders, with the increase of aging time, the crossover 
frequency decreased, and the rheological index increased. However, for binder #7 (PG 
64-40 from supplier B), it showed the opposite trend. Similar to the G-R parameter and 
ATc results, the binders from supplier C with 40h PAV aging state were easily 
distinguished from other binders. Their corresponding data points all located in the 
bottom-right corner. Although the results presented in Figure 5 indicated that the 
crossover frequency-R-value space has the potential to evaluate the cracking resistance of 
most of studied binders except for binders with the grade of PG 64-40, it was not 
recommended to use these two indices if the data for other evaluation indices such as G-
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R parameter are available. For some of the studied binders, the crossover frequency and 
R-value were difficult to be obtained precisely due to the low phase angle value 
(sometimes lower than 45° along the whole frequency range) and insensitivity of phase 
angle to frequency.
5.5. LAS TEST RESULTS
The linear amplitude sweep test has been extensively used to evaluate the fatigue 
cracking resistance of the asphalt binder. Figure 6 presents the predicted fatigue life (Nf) 
values (at a strain level of 2.5%) of the studied highly modified asphalt binders based on 
the analysis protocols in AASHTO TP 101-12. For asphalt pavements with the same 
structure, climate, and traffic, the pavement with more brittle asphalt binder should be 
more prone to fatigue damage than the pavement with softer asphalt binder. Therefore, 
because of all the tests were conducted at the same condition, the LAS test results should 
follow two rules: (1) for each asphalt binder the sample with more severe aging state 
should have lower predicted Nf value and (2) the softer binders should show higher 
predicted Nfvalues than the stiffer binders. As shown in Figure 6, however, not all asphalt 
binders followed the rules. For most of studied asphalt binders (e.g. binders #1, #5, #6,
#8, #11, #12, and #13), the predicted Nf of 40h PAV aged sample was even higher than 
that of RTFO aged sample. In addition, the binder #8 (PG 58-34 from supplier B) had 
lower predicted Nf than the unmodified asphalt binder (PG 52-28). The predicted Nf 
values based on the standard LAS test results analysis protocols (AASHTO TP 101-12) 
for the studied highly modified asphalt binders are apparently contrary to common sense 
of engineering and experiment. Within the scope of this study, the applicable of the
current standard LAS testing and analysis protocols to the Alaskan highly modified 
asphalt binders is questionable.
As indicated in Equation 7, Nf = A*(y)A(-B). Take the logarithm of both sides of 
this formula, and Equation 7 can be switched to “log (Nf) = (-B)*log (y) +log A”. 
Therefore, the parameter -B  can be used to evaluate the strain susceptibility of asphalt 
binders. Figure 7 presents the parameter -B  for all Alaskan asphalt binders with different 
aging states. As shown, among all studied Alaskan binders, the binder #4 (PG 52-46 from 
supplier A) showed the lowest -B  value regardless of aging states, which implied that the 
binder #4 was the least sensitive to strain. The modified binders from supplier A showed 
lower -B  values than the unmodified binder, regardless of the aging state. While the 
modified binders from the other two refineries showed higher -B  values than the 
unmodified binder, especially at 40h PAV aging state.
5.6. EFFECT OF BINDER SOURCE
To examine the effect of binder source (supplier in this case) on the cracking 
susceptibility of Alaskan asphalt binders, the chemical index and rheological indices 
values of the binders from different suppliers with the same PG were compared. To 
facilitate the comparison, all the indices values were normalized to the values of the neat 
binder (binder #1, PG 52-28 from supplier A). Figure 8 presents the normalized indices 
values for binders #5, #8, and #9, which are PG 58-34 binders from three different 
suppliers, at different aging states. As shown, these three PG 58-34 asphalt binders 
showed significant different chemical and rheological indices values, which implied that
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binders from different suppliers could have totally different cracking susceptibility and 
properties even though they had the same performance grade.
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5.7. FEASIBILITY OF RHEOLOGICAL INDICES
The feasibility of G-R parameter and ATc on evaluating the cracking 
susceptibility of Alaskan highly modified asphalt binders was preliminarily investigated. 
The chemical index, Carbonyl Index, is the parameter that represents the intrinsic 
properties of the asphalt binder and has been proven to be closely related to the cracking 
susceptibility of an asphalt binder (Wang et al. 2018; Rad et al. 2018). If a strong 
correlation between Carbonyl Index and G-R parameter (or ATc) can be found, it’s 
expected that G-R parameter (or ATc) is also closely related to the cracking susceptibility 
of an asphalt binder. Kendall’s t coefficient (Equation 8) was used for this purpose 
(Kendall 1938), which measures the degree of ordinal association or agreement between 
Carbonyl Index and G-R parameter (or ATc) by determining the similarity of the rankings 
of the Carbonyl Index and G-R parameter (or ATc) when ranked by each of the 
quantities. The Kendall’s t would vary within -1 and 1. -1 represents the ranking is totally 
different than the reference one, while 1 represents the ranking is totally consistent with 
the reference one.
Kendall's t = 2 (ncon- ndis) [8]N(N-l)
where, Ncon is the accumulated number of concordant pairs; Ndis is the accumulated 
number of discordant pairs; and N  is the number of samples. For the case of G-R 
parameter, to calculate the Kendall’s t correlation coefficient, all Carbonyl Index (denote 
as “a”) and G-R parameter (denote as “b”) values were first arranged based on the binder
number listed in Table 1. That is list all the values as (ai, bi), (a2, b2), (a5, b5). For 
example, for one pair of possible observations (ai, bi) and (a2, b2), if both ai > a2 and bi > 
b2; or ai < a2 and bi < b2, the pair was said to be concordant. Otherwise, it’s said to be 
discordant. The similar analysis or comparison was conducted for all possible pairs, and 
the number of concordant of concordant pairs was calculated as Ncon while the number 
of discordant pairs was calculated as Ndis.
Figure 9 presents the Kendall’s t correlation coefficients between Carbonyl Index 
and G-R parameter and ATc at 20h PAV aging state using data of binders from the 
supplier A as an example. Based on the analysis in previous sections, both the Carbonyl 
Index and G-R parameter increased while the ATc deceased as the asphalt binder aged. 
Therefore, it’s expected that asphalt binder with higher Carbonyl Index value would has 
higher G-R parameter while lower ATc values than the asphalt binder with lower 
Carbonyl Index value. In other words, the Carbonyl Index it’s expected to positively 
correlate with G-R parameter while negatively correlate with ATc. As shown in Figure 9, 
the Kendall’s t coefficient for G-R parameter was positive while that for ATc was 
negative, as expected. The comparatively high Kendall’s t absolute values for both G-R 
parameter and ATc implied that these two rheological indices were correlated with 
Carbonyl Index to a reasonable extent and showed potential to assess the cracking 
susceptibility of the Alaskan asphalt binders. In addition, the absolute value of Kendall’s 
t coefficient for G-R parameter was higher than that for ATc. The G-R parameter may be 
more feasible to be used to evaluate the cracking susceptibility of the studied asphalt 




In this study, the cracking susceptibility of one neat binder and 12 Alaskan 
polymer-modified asphalt binders at different aging states were evaluated by using a 
number of chemical and rheological indices. FTIR tests were conducted to obtain the 
chemical index, Carbonyl Index values. The Temperature-Frequency sweep DSR tests 
were conducted at four different temperatures (i.e., 5, 15, 25, and 35°C) to construct the 
complex modulus and phase angle master curves. The rheological indices such as Glover- 
Rowe (G-R) parameter, crossover frequency, and rheological index (R-value) were 
calculated. The BBR tests were conducted at multiple temperatures to obtain the ATc.
The LAS tests were carried out at 10°C to evaluate the fatigue cracking resistance of the 
Alaskan asphalt binders. Based on the results and findings of this study, the following 
conclusions can be drawn:
• The carbonyl group absorbance peak (area) of the original binders did not vary 
significantly after RTFO aging, which indicated that not much asphalt oxidation 
happened during the RTFO process.
• Carbonyl Index results indicated that the modified binders showed better performance 
in terms of long-term aging resistance, i.e. Alaskan pavements with modified binders 
(with similar structures) would have better cracking resistance than those with neat 
asphalt binder in the later phase of their service life.
• The G-R parameter results indicated the studied Alaskan asphalt binders were not 
susceptible to cracking at long-term aging state (e.g., 20h PAV). However, the ATc 
result revealed that some of the modified asphalt binders (i.e., binders #10 and #11)
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reached the damage limit at 20h PAV aging state. Further cracking data from the field 
are needed to validate the threshold values of the G-R parameter and ATc.
• Binders from different suppliers could have totally different cracking susceptibility 
and properties even though they have the same performance grade.
• The LAS test results were not conclusive. Within the scope of this study, the 
applicable of the current standard LAS testing and analysis protocols to the Alaskan 
highly modified asphalt binders is questionable.
• Although the crossover frequency-R-value black space diagram showed potential in 
assessing the cracking susceptibility of most of binders studied, it was not 
recommended to use these two indices since it’s hard to reach the crossover 
frequency at the desired temperature (15°C), leading to difficulty in calculations.
• The ranking correlation analysis results between Carbonyl Index and G-R parameter 
(and ATc) indicated that both G-R parameter and ATc were correlated with Carbonyl 
Index, which implied that both the Glover-Rowe (G-R) parameter and ATc had the 
potential to evaluate the cracking susceptibility of the studied Alaskan asphalt 
binders.
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Table 1 Matrix of studied Alaskan asphalt binders
Binder Binder PG Supplier Modified
#1 PG 52-28 A No
#2 PG 52-40 A Yes
#3 PG 64-40 A Yes
#4 PG 52-46 A Yes
#5 PG 58-34 A Yes
#6 PG 52-40 B Yes
#7 PG 64-40 B Yes
#8 PG 58-34 B Yes
#9 PG 58-34 C Yes
#10 PG 52-34 C Yes
#11 PG 58-28 C Yes
#12 PG 58-28 plus* C Yes
#13 PG 64-28 C Yes
us (additional) tests such as direct tension or Toughness and Tenacity (T&T) 
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Figure 1 FTIR spectrums of binders at different aging states
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(a)
Figure 3 Black Space Diagram with G-R parameter: (a) RTFO; (b) 20h PAV; (c) 40h
PAV
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Figure 3 Black Space Diagram with G-R parameter: (a) RTFO; (b) 20h PAV; (c) 40h
PAV (cont.)
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Figure 3 Black Space Diagram with G-R parameter: (a) RTFO; (b) 20h PAV; (c) 40h
PAV (cont.)
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Figure 8 Effect of binder supplier/source: (a) RTFO; (b) 20h PAV; and (c) 40h PAV
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Figure 9 Kendall’s t correlation coefficients
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ABSTRACT
Asphalt oxidation induces asphalt binder embrittlement, which in turn increases 
the susceptibility of flexible pavement to fatigue and low-temperature cracking. It is 
critical to determine an index that can appropriately track the oxidation extent of asphalt 
binder and assess its cracking susceptibility. The objectives of this study are to 
investigate the connections between the chemical changes by oxidation with the 
rheological parameters, and to identify suitable chemical aging indices and rheological 
parameters to assess cracking susceptibility of Alaskan asphalt binders. A total of 13 
typical Alaskan asphalt binders were collected from three different suppliers. The Glover- 
Rowe (G-R) parameter, rheological index (R value), AT, and fatigue parameter (Nf) were 
selected as rheological parameters to quantify the change of cracking susceptibility of 
asphalt binder with aging. The Fourier transform infrared spectroscopy (FTIR)
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technologies were applied to obtain the chemical aging indices such as the ratio of peak 
height between C=O and CH2 (C=O/CH2), Carbonyl Index, and Sulfoxide Index. The 
results indicated that the C=O/CH2 was the most effective chemical aging index to track 
the oxidation extent of asphalt binder. The G-R parameter was the most promising 
rheological index among the evaluated rheological parameters (i.e. G-R parameter, R­
value, AT, and Nf) to evaluate the durability and cracking susceptibility of asphalt binder 
because it correlated well with the C=O/CH2. The R-value was not desirable in some 
cases due to the difficulty in calculation. The fatigue parameter (Nf) showed a weak 
correlation with the chemical aging indices. A fair correlation could be developed 
between AT and the C=O/CH2, but the correlation was not as strong as that developed for 
the G-R parameter.
KEYWORDS: Asphalt Oxidation; Cracking Susceptibility; Rheological Parameters; 
Chemical Aging Index
1. INTRODUCTION
The majority of highways worldwide are made of flexible pavements surfaced 
with asphalt concrete (AC) mixture. Asphalt binder is the most important component of 
AC mixture and dictates the most forms of asphalt pavement distresses. Therefore, it is 
critical that the asphalt binder in AC mixture has adequate capability to resist the 
distresses, such as rutting and cracking that the pavement may undergo during its service
life.
PG 52-28 asphalt binder has been widely used in Alaska. However, experience 
has indicated that hot mix asphalt (HMA) produced with this neat (unmodified) binder 
may not be adequate for the various Alaskan climatic conditions from Southcoast to 
Northern Regions. A number of paving projects in recent years have used highly- 
polymerized asphalt binder in Alaska such as 2015 Airport Way resurfacing project using 
PG 52-40 in Fairbanks, 5th and 6 th Avenue paving project using PG 64-40 in Anchorage, 
and Abbott Road rehabilitation project using PG 58-34 in Anchorage. More paving 
projects using these highly-polymerized binders are expected in the upcoming 
construction seasons. Furthermore, the Northern Region is interested in the potential use 
of a lower low-temperature grade binder, such as PG 52-46, to suit its specific climatic 
conditions. However, there are considerable data gaps when it comes to the 
characterizations of properties and performances of these modified binders in Alaska.
It is well-known that asphalt as an organic compound reacts with oxygen in the 
atmosphere (Brown et al. 2009; Petersen and Glaser 2011; Glaser et al. 2013). The 
oxidation of asphalt is a crucial issue to asphalt pavement. It hardens in-service asphalt 
binder, causing the embrittlement (hardening) of pavement, and consequently increasing 
the susceptibility of pavement to both thermal (low-temperature) and fatigue cracking 
(Liu et al. 2017). Given this, it is important to determine an index that can be used 
appropriately to track the oxidation extent of asphalt binder and assess its cracking 
susceptibility.
It is well documented that asphalt oxidative hardening is mainly caused by the 
production of polar, oxygen-containing chemical functional groups on asphalt molecules 
during its service life (Petersen 2009; Yao et al. 2013; Sultana and Bhasin 2014; Rad et
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al. 2018). Among these functional groups, carbonyls and sulfoxides groups were deemed 
as the most relevant ones that are generated by oxidization (Petersen 2009; Rad et al. 
2018). The carbonyls group has been used for indicating the extent of asphalt oxidation 
for long time (Yao et al. 2015; Wang et al. 2015; Liu et al. 2016). The formation of 
carbonyl generally increases the polarity of some components of asphalt and thus 
increases its brittleness and viscosity (Rad et al. 2018). The formation of sulfoxide 
significantly increased the viscosity of asphalt during oxidation (Petersen and Glaser 
2011), and thus the hardening of asphalt (Wang et al. 2015; Yao et al. 2015). It is good to 
use carbonyls and sulfoxides groups-related chemical aging indices to track the oxidation 
extent of asphalt binder since they give the most direct indicators of oxidation. However, 
the facilities (i.e. Fourier transform infrared spectroscopy (FTIR)) used to measure these 
chemical aging indices are not usually available in regular asphalt labs.
Various rheological parameters have been introduced to quantify the loss of 
cracking resistance of asphalt binder with aging, such as Glover-Rowe (G-R) parameter, 
rheological index (R value), and AT which is defined as the difference between critical 
cracking temperatures by limiting m-value and limiting stiffness (S) from bending beam 
rheometer (BBR) test (Glover et al. 2005; Anderson et al. 2011; Rowe 2011). Comparing 
with carbonyls and sulfoxides groups-related chemical aging indices, these rheological 
parameters are relatively easy to obtain by dynamic shear rheometer (DSR) and BBR 
tests, which are usually available in regular asphalt labs. In addition, these rheological 
parameters have been shown to have good correlations with field cracking (Glover et al. 
2005; Anderson et al. 2011; Rowe 2011; Mensching et al. 2015; Mensching et al. 2016) 
and can be directly applied to indicate the mechanical properties of asphalt binder
(Glover et al. 2005; Anderson et al. 2011). However, not much effort looked into the 
correlations between the chemical aging indices and rheological parameters of asphalt 
binders, which is important for determining the appropriate rheological parameter that 
most closely related to the oxidation and the cracking susceptibility of asphalt binder (the 
growth of chemical aging indices were closely related with oxidative aging and showed 
very good correlations with cracking susceptibility (Wang et al. 2015; Yao et al. 2015; 
Rad et al. 2018). If a strong correlation between the chemical aging index and a 
rheological parameter can be found, the rheological parameter could also closely relate to 
the oxidation and cracking susceptibility of an asphalt binder). A comprehensive study to 
look into the correlations between the rheological parameters and chemical aging indices 
is needed, which will guide associated testing approaches and procedures to assess the 
cracking susceptibility of asphalt binder and select appropriate asphalt binders to 




The objectives of this study are: (1) to evaluate the chemical aging indices by 
assessing their sensitivity to aging extent; (2 ) to investigate the correlations between the 
chemical aging indices and rheological parameters; and (3) to identify suitable chemical 




13 plant-produced asphalt binders were collected from Alaskan paving projects, 
including one unmodified binder PG 52-28 and 12 polymer modified ones. These 13 
asphalt binders were from three different suppliers (Table 1), and subjected to different 
artificial accelerated aging processes (i.e., rolling thin film oven (RTFO) and pressure 
aging vessel (PAV) processes) for different aging extents. In addition to RTFO aging 
according to AASHTO T240 (2013) and PAV aging according to AASHTO R 28 (2012) 
(i.e. the RTFO residues were subjected to the PAV aging at 100 °C and 2.1 MPa for 20 
hours), the PAV aging was also conducted at 100 °C and 2.1 MPa for 40 hours to 
simulate prolonged aging time in the field in Alaska.
4. CHEMICAL AGING INDICES
According to literature (Petersen 2009; Sultana and Bhasin 2014; Yao et al. 2015; 
Rad et al. 2018), the primary function groups that are related to the asphalt oxidations are 
carbonyl groups and sulfoxide groups, which can be measured using FTIR. Peaks at 
around 1700 cm-1 and 1032 cm-1 in the FTIR spectra can be used to detect the presence of 
carbonyl groups and sulfoxide groups, respectively. Rad et al. (2018) indicated the 
carbonyl and sulfoxide absorbance peak value (C+S peak) is the most efficient index to 
track the extent of asphalt oxidation. However, the C+S peak values in their study were 
normalized to the absorbance peak value at the wavenumber around 1375 cm-1 which was 
believed that methyl (CH3, which can be detect at 1375 cm-1 in the FTIR spectrum) does
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not vary during asphalt oxidation. Carbonyl and sulfoxide areas are other commonly used 
indices of oxidative aging, which are defined as the areas under the absorbance peaks of 
FTIR spectrum from 1,650 to 1,820 cm-1 and from 1000 to 1050 cm-1, respectively 
(Glover et al. 2005; Negulescu et al. 2006; Jia et al. 2014; Rad et al. 2018). Although the 
FTIR sample could be prepared carefully, it is still a hard task to have homogeneous 
asphalt films with same thickness. To eliminate the effects of the difference by sample 
preparation, some researchers applied the ratios between carbonyl (or sulfoxide) 
absorbance peak values (areas) and the peak values at the functional groups, such as 
ethylene groups (CH2, which can be detect at 1460 cm-1 in the FTIR spectrum) and 
methyl (CH3) which are believed to not vary during the asphalt oxidation, as chemical 
aging indices (de La Roche et al. 2013; Wang et al. 2015). In this study, FTIR in 
attenuated total reflection (ATR) mode was applied to absorbance spectra within 400 to 
4,000 cm- 1 . Four replicates were measured on each sample, and the average absorbance 
value was used for data analysis. The absorbance peak values ratio between carbonyl 
group (C=O) and ethylene group (CH2) (denoted by C=O/CH2), the absorbance peak 
values ratio between carbonyl group (C=O) and methyl group (CH3) (denoted by 
C=O/CH3), the absorbance peak values ratio between sulfoxide group (S=O) and the 
methyl group (CH3) (denoted by S=O/CH3), the absorbance peak values ratio between 
carbonyl plus sulfoxide groups (C=O plus S=O peak value) and the methyl group (CH3) 
(denoted by (C=O+S=O)/CH3), Carbonyl Index (Equation 1), and Sulfoxide Index 
(Equation 2) were selected as potential chemical aging indices. As shown in Figure 1, the 
two-point method was applied to calculate the absorbance areas, in which two points 
were used to determine the baseline of the absorbance peak for calculating the peak area.
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More details can be found in the reference (Hou et al. 2018). The absorbance peak values 
were the direct reading from the measured FTIR spectrum at the corresponding 
wavenumbers.
Carbonyl Index = Area around 1,700 cm 1Area around 1,460 cm-1+ Area around 1,375 cm-1 [1]
Sulfoxide Index = Area around 1,032 cm 1Area around 1,460 cm-1+ Area around 1,375 cm-1 [2 ]
5. RHEOLOGICAL PARAMETERS
5.1. GLOVER-ROWE (G-R) PARAMETER
Originally developed by Glover et al. (2005) and modified by Rowe (2011), G-R 
parameter is defined as G*(cos5)2/sin5, in which G* and 5 are complex modulus and 
phase angle at 15°C and 0.005 rad/s, respectively. It has been reported that G-R 
parameter had good correlations with field cracking (Anderson et al. 2011; Mensching et 
al. 2015; Mensching et al. 2016). However, the low frequency of 0.005 rad/s is hard to 
reach for general DSR devices and the testing is time-consuming at such low frequency 
(Mensching et al. 2015). Therefore, the G* and 5 master curves at a reference 
temperature of 15 °C were applied to obtain the G* and 5 values at 0.005 rad/s. In this 
study, DSR Temperature-Frequency sweep tests were carried out on the studied binders 
with three different aging states (i.e. RTFO, 20h PAV, and 40h PAV) at four different 
temperatures (i.e., 5°C, 15°C, 25°C, and 35°C) using the 8 mm parallel plate geometry 
with a 2 mm gap. At each testing temperature, the logarithmic ramp mode was applied 
for frequency from 100 to 0.1 rad/s (descending). The G* and 5 master curves were 
constructed by using RHEATM software, which is a rapid user-friendly method to analyze
data from Temperature-Frequency sweep test using time-temperature superposition 
(TTS) principle. A more detailed description of the RHEATM software can be found in 
other literature (Rowe 2014; Moraes and Bahia 2018).
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5.2. RHEOLOGICAL INDEX (R VALUE)
The rheological index, R value, is defined as the difference between the log of the 
glassy modulus and the log of the dynamic modulus at the crossover frequency. The 
crossover frequency, mc, is defined as the frequency when storage modulus equals to loss 
modulus at the desired temperature (i.e., 15°C in this study). The R value is an essential 
parameter in the Christensen-Anderson model (Equation 3) (Christensen and Anderson
1992).
G(w) -  Gg
(log 2)/R -R/(log 2)
[3]
where, G(‘C0) is complex modulus; Gg is glass modulus assumed to equal to 1 GPa; ro is the 
reduced frequency (rad/s); mc is crossover frequency; and R is the rheological index.
As can be seen from Equation 3, R could be the shape parameter of the G* master 
curve. As R increases, the G* master curve becomes more flat, which indicates the 
asphalt binder could have a more gradual transition from elastic to viscous behavior. In 
general, as the asphalt binder ages, the binder became more brittle, and thus R increases 
(Mensching et al. 2016).
5.3. CRITICAL TEMPERATURE DIFFERENTIAL (AT)
The AT, which is defined as the difference between the continuous low- 
temperature grades determined by m-value and creep stiffness by using BBR (Equation
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4). It was developed by Anderson et al. (2011) to quantify the loss of durability of asphalt 
binder with aging. In this study, the BBR tests (AASHTO T313) were conducted on the 
binders with three aging states at multiple temperatures (2 to 3 temperatures) to 
determine the continuous low-temperature grades (critical temperatures) for both stiffness 
and m-value. Equations 5 and 6  present the expressions used to calculate the critical 
temperatures. Table 2 presents the results.
AT = Tc,m — Tc,s [4]
TCS = T1 + [Log(.3 ° ° ) -L 0 ^ (5l) X (7\ -  71)1 -  10 [5]c,s 1 YLog(S1)-Log (S2) V 1 LJ\ L J
Tc,m = Ti + X (Ti -  7-2)] -  1 0  [6 ]
where, Tc m and TcS are critical cracking temperature by limiting m-value and S to 0.3 and 
300 MPa, respectively; T1 and T2 are testing temperatures #1 and #2, respectively, °C; m 1
and m 2 are m-value at T1 and T2, respectively; and, 51 and S2 are stiffness at T1 and T2,
respectively.
5.4. NUMBER OF CYCLES TO FAILURE (Nf)
Fatigue cracking is a primary distress mode of asphalt pavement. One of the main 
causes of fatigue cracking is the embrittlement of the pavement (Cao et al. 2018). The 
recently developed linear amplitude sweep (LAS) test has been widely used to predict 
pavement fatigue life and proven to correlate well with filed performance data (Cao and 
Wang 2019). In this study, LAS tests were conducted on the studied binders with three 
different aging states at 10 °C based on AASHTO TP 101. The LAS test consists of two 
parts, i.e., the frequency sweep and amplitude sweep tests. The frequency sweep test was
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performed at 0.1 percent strain over a range of frequency from 0.2 to 30 Hz to determine 
the undamaged properties of the sample. The amplitude sweep test was conducted by 
applying an oscillatory shear load in strain-control mode at a frequency of 10 Hz linearly 
increased from zero to 30% over the course of the 3,100 cycles of loading. The 
viscoelastic continuum damage (VECD) theory was applied to calculate the parameters A 
and B, which can be used to obtain the fatigue parameter, number of cycles to failure (Nf) 
(Equation 7).
Nf  = AY- b [7]
where, y is the maximum expected on-site asphalt binder strain.
By taking the logarithm of both sides, Equation 7 can be converted to Equation 8 . 
logNf = ( -B )  x lo g y  + logA [8 ]
Thus, the slope of the straight line expressed by Equation 8 , -B, can be used to 
denote the strain susceptibility of the binder.
6. RESULTS AND ANALYSIS
6.1. EVALUATION OF CHEMICAL AGING INDICES
Figure 2 presents the chemical aging indices of the 13 Alaskan binders under 
different aging extents (i.e., original, RTFO, 20h PAV, and 40h PAV). As shown in 
Figure 2, all six chemical aging indices generally showed an increasing trend as the aging 
extent increased. The Carbonyl (C=O) related chemical aging indices showed a clear 
signal that the RTFO process has little effect on the chemical aging indices. However, the 
PAV process had significant effect, and the increasing rate kept stable with the increase
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of PAV aging duration. The C=O related chemical aging indices may have great potential 
to detect asphalt oxidation. The C=O/CH3 and the C=O/CH2 were proposed based on the 
same principle. However, C=O/CH2 has been applied more frequently and its good 
correlation with the physical properties of asphalt binder has been proven (Wang et al. 
2015). Therefore, in this study, the C=O/CH2 was selected for further analysis. The effect 
of PAV aging duration on the Sulfoxide (S=O) related chemical aging indices varied for 
different asphalt binders. Petersen (2009) also found that sulfoxide groups are not 
strongly correlated to the embrittlement of asphalt binder. Therefore, the S=O related 
chemical aging indices were not used for tracking asphalt oxidation in the further analysis 
of this study.
6.2. CONNECTIONS BETWEEN CHEMICAL AGING INDICES AND 
RHEOLOGICAL PROPERTIES
Figures 3 and 4 present the relationships between log G-R parameters, the 
C=O/CH2, and the Carbonyl Index, respectively. As shown in these figures, each data 
point represented a binder with a specific aging state, and three aging states (i.e., RTFO, 
20h PAV, and 40h PAV) were included. It can be found that the connections between log 
G-R and chemical aging index were highly source-dependent. The correlation by using 
all data was weak. However, the correlation coefficient (R2) increased greatly by 
separating the data according to the asphalt binder sources. As shown, the binders from 
supplier C showed very high correlation between log G-R and chemical aging indices.
The binders from the other two sources also showed linear correlations, though the R2 
values were lower than that of supplier C.
Comparing Figures 3 with 4, the R2 values listed in Figure 3 were higher than 
those listed in Figure 4, regardless of binder sources, which indicated that the correlation 
between log G-R and the C=O/CH2 was stronger than that between log G-R and Carbonyl 
Index. Figure 5 presents the correlations between log G-R and C=O/CH2 for each binder. 
All binders, except for binder #10, showed significant linear correlation between these 
two parameters with R2 values all higher than 0.95. The higher the value of C=O/CH2, the 
higher the value of G-R parameter.
It should be noted that the absorbance peak values can be read directly from the 
testing results, therefore it could have less calculation error than the absorbance areas did. 
The correlations between the C=O/CH2 and rheological indices (i.e., G-R parameter, R­
value, and AT) were comparable or even higher than those between other chemical aging 
indices and rheological indices (e.g., the correlations between G-R parameter and 
chemical aging indices). Given these, the C=O/CH2 could be the most desirable chemical 
aging index to be used. Thus, only the correlation results for the C=O/CH2 was presented 
for the subsequent analysis.
Figure 6  presents the correlations between R-value and the C=O/CH2. As shown 
in Figure 6 , the correlations were also source dependent. The correlations, however, was 
not as strong as that existed for G-R parameter. Figure 7 presents the relationship 
between R-value and the C=O/CH2 for all binders except binder #7. The results for binder 
#7 (PG 64-40) were not incorporated in Figure 7 due to that the R-value for binder #7 
was unable to obtain. The crossover frequency needs to be obtained before calculating the 
R-value. As its definition indicates, crossover frequency is the frequency when the phase 
angle equals to 45° at the desired temperature. However, the phase angle values of binder
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#7 were all lower than 45° within the whole range of reduced frequencies that the master 
curve has. The results indicated that the R-value was strongly correlated with the 
C=O/CH2 for most of the binders. However, for the highly polymerized binders such as 
binder #4 (PG 52-46) and binder # 6  (PG 52-40), the correlations were comparatively 
weak. These may be due to that the phase angle values of the evaluated highly 
polymerized binders were insensitive to frequency, which made the calculation of 
crossover frequencies not easy.
Figures 8 and 9 present the correlations between AT and C=O/CH2 by source and 
binder type, respectively. The source dependency of correlations was found as well. The 
correlations between AT and the C=O/CH2 was not as strong as that between G-R 
parameter and the C=O/CH2. A linear correlation between AT and the C=O/CH2 was also 
found for each binder.
Figure 10 presents the correlations between Nf at 2.5% strain and the C=O/CH2. 
The 2.5% strain was selected based on recommendation of other study (Teymourpour and 
Bahia 2014). As shown in Figure 10, a poor (at least not strong) correlation was found, 
regardless of binder sources. However, a strong correlation was found between -B  and 
the C=O/CH2, as shown in Figures 11 and 12. The strong correlation between -B  and the 
C=O/CH2 implied that the chemical changes during asphalt aging were closely related to 
the strain susceptibility of Alaskan polymer modified asphalt binders.
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7. CONCLUSIONS
The correlations between chemical aging indices and rheological parameters of 
typical Alaskan asphalt binders were investigated in this study. The FTIR technologies 
were applied to obtain several chemical aging indices which are widely used according to 
the literature to determine asphalt oxidation extent. The G-R parameter, R-value, AT, and 
Nf were selected as rheological parameters to quantify the loss of cracking resistance of 
asphalt binder with aging. The LAS test parameter, -B, was used to denote the strain 
susceptibility of the binder.
Within the scope of the study, the Sulfoxides-related chemical aging indices may 
not be appropriate to be used to detect asphalt oxidation extent because of their 
insensitivity to long term aging duration and the variability of changing rate with the 
increase of aging duration for different binders. Among the evaluated Carbonyl related 
chemical aging indices, the C=O/CH2 was the most effective index because it correlated 
well with rheological indices (e.g., G-R parameter) and was easy to obtain with less 
calculation error.
The R-value was not desirable in some cases due to the difficulty in calculation. 
Most of the studied Alaskan binders are highly polymerized, which had low phase angle 
values. This made the calculation of crossover frequency and R value difficult. The 
fatigue parameter (Nf) showed a weak correlation with the chemical aging indices. 
However, the parameter, -B, which can be used to assess the strain susceptibility of 
asphalt, strongly correlated with the C=O/CH2, which implied that the asphalt oxidation 
had a great influence on the strain susceptibility. A fair correlation could be developed
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between AT and the C=O/CH2, but the correlation was not as strong as that developed for 
the G-R parameter. The G-R parameter was the most promising rheological index among 
the evaluated rheological parameters (i.e. G-R parameter, R-value, AT, and Nf) to 
evaluate the durability and cracking susceptibility of asphalt binder because it correlated 
well with the C=O/CH2.
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Table 1 Basic information of studied Alaskan asphalt binders
Binder Binder PG Supplier Modified?
# 1 PG 52-28 A No
# 2 PG 52-40 A Yes
#3 PG 64-40 A Yes
#4 PG 52-46 A Yes
#5 PG 58-34 A Yes
# 6 PG 52-40 B Yes
#7 PG 64-40 B Yes
# 8 PG 58-34 B Yes
#9 PG 58-34 C Yes
# 1 0 PG 52-34 C Yes
# 1 1 PG 58-28 C Yes
# 1 2 PG 58-28 plus* C Yes
#13 PG 64-28 C Yes
* plus (additional) tests such as direct tension or Toughness and Tenacity (T&T) tests 
besides the M320 specification were required by local agencies for this binder.
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ABSTRACT
Highly polymerized asphalt binders (HPABs) such as PG 64-40 have been used 
more in Alaska in recent years, but there are currently considerable data gaps when it 
comes to the characterizations of the HPABs. Fatigue damage is one of the primary 
distresses of asphalt pavements. G*sind is the most commonly used parameter to assess 
the fatigue resistance of asphalt binder but has been reported that it lacks capability to 
actually characterize the fatigue resistance of polymer modified asphalt binders, which 
show nonlinear behavior to loading. The objective of this study is to characterize the 
fatigue behaviors of the HPABs using newly developed linear amplitude sweep (LAS) 
test with viscoelastic continuum damage (VECD) model. Three HPABs (PG 52-40, PG 
64-40, and PG 52-46) along with unmodified asphalt binder (PG 52-28) were evaluated. 
An appropriate VECD model analysis protocol in terms of asphalt specimen failure and
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damage evolution rate (a) definitions was selected based on the experimental results. The 
LAS test with VECD model was validated by comparing the predicted fatigue life of the 
HPABs with the measured fatigue life from the time sweep (TS) test. The results 
indicated that LAS test with the selected VECD model could effectively predict the 
fatigue lives of the studied HPABs, supporting by a well correlation between the 
predicted and measured fatigue lives. Both the LAS and TS tests results showed that the 
HPABs had better fatigue resistance (longer fatigue lives) than the unmodified asphalt 
binder. The PG 64-40 performed the best in terms of fatigue resistance among all the 
studied asphalt binders.
KEYWORDS: Highly polymerized asphalt binders (HPABs); Fatigue characterizations; 
Linear amplitude sweep (LAS) test; Viscoelastic continuum damage (VECD) model
1. INTRODUCTION
Modification of asphalt binders has become progressively more common over the 
past several decades. Various modifiers (such as polymers, ground tire rubber, chemicals, 
and recycled engine oils) have been used to produce modified asphalt binders with 
improve engineering properties in terms of rutting, fatigue fracture, and thermal cracking 
resistances (Brown et al. 2009). Among these modifiers, polymers are the most 
commonly used, which are very large molecules that are made of long chains or clusters 
of smaller molecules (monomers) (Brown et al. 2009). Several state transportation 
agencies, including Alaska Department of Transportation and Public Facilities 
(ADOT&PF), have recognized the benefits of polymer-modified asphalt in resisting
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various modes of distresses in flexible pavements (Raad et al. 1997; Liu and Liu 2019).
In recent years, the ADOT&PF is interested in the potential use of the highly 
polymerized asphalt binders (HPABs) which are defined as modified asphalt binders with 
high polymer concentration (about 7% by weight of the neat binder), such as PG 52-46 
and PG 64-40, to suit its specific climatic conditions. A number of projects with HPABs 
has been constructed in Alaska in recent years (Liu and Liu 2019; Liu et al. 2020). For 
example, a PG 64-40 HMA was placed in downtown Anchorage, Alaska to address 
rutting and wear concerns in high-traffic areas and moderate low-temperature cracking 
concern. However, there are currently considerable data gaps when it comes to the 
characterizations of the HPABs. It is essential to properly characterize the performance of 
the HPABs.
Fatigue damage is one of the primary distresses of asphalt pavements. It typically 
occurred in form of cracking underneath the wheel path owing to repeated traffic loading. 
The fatigue cracks allow moisture infiltration into the base and subgrade, eventually 
results in potholes and pavement disintegration if not treated (Brown et al. 2009; Johnson 
2010; Liu et al. 2018). The fatigue resistance of asphalt binder generally dominates the 
fatigue performance of asphalt concrete (Cao et al. 2018a; Abdollahi et al. 2020). As 
such, it is critical to appropriately characterize the fatigue damage of asphalt binders to 
provide not only “long-lasting” designs but also methods for differentiating asphalt 
binders in terms of fatigue cracking resistance. One of the most common methods to 
characterize the fatigue performance of asphalt binder is the Superpave fatigue factor 
(i.e., G*sind), which is proposed during the Strategic Highway Research Program 
(SHRP) and based on the linear viscoelastic properties of asphalt binder. However,
G*sinS has been reported that it lacks capability to actually characterize the fatigue 
resistance of asphalt binders, especially modified asphalt binders, which definitely 
present nonlinear behavior to loading (Hintz et. al. 2011; Wang et al. 2015; Cao et al. 
2018b; Cao and Wang 2018). Recently, extensive efforts have been made on the 
development of evaluation methods for improving the fatigue performance 
characterization of asphalt binder. To overcome the limit (linear viscoelastic) of the 
Superpave fatigue factor (i.e. G*sind) and introduce the concept of damage accumulation, 
NCHRP 9-10 developed the time-sweep (TS) which is conducted by using dynamic shear 
rheometer (DSR) (Bahia et al. 2001). The asphalt sample is subjected to repeated cyclic 
shear loading in either stress or strain-controlled mode in the TS test. NCHRP 9-10 
results indicated that the TS tests showed significant correlation with asphalt concrete 
fatigue damage and was a promising method to characterize the fatigue performance of 
asphalt binders (Bahia et al. 2001). However, past studies (Anderson et al. 2001; Shenoy 
2002) indicated that the TS test is not applicable for binders with a modulus lower than 5 
MPa due to the asphalt sample could flow out from the DSR plates during testing. In 
addition, the TS test was time consuming (Hintz et. al. 2011; Hintz and Bahia 2013; Cao 
and Wang 2018). Recently, the Linear Amplitude Sweep (LAS) test was introduced to 
overcome the limits of the TS test (Johnson 2010). Like the TS test, the LAS test is also 
conducted with DSR using the 8-mm parallel plate geometry. Unlike the repeated cyclic 
shear loading used in the TS test, the LAS test involves an oscillatory shear load in strain- 
control mode at a frequency of 10 Hz linearly increased from zero to 30% over the course 
of the 3,100 cycles of loading (amplitude sweep loading), which reduces the testing time
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from several hours down to minutes.
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The viscoelastic continuum damage (VECD) model is usually used to analyze the 
LAS test results, which has been successfully used to model the fatigue behaviors of 
asphalt mixtures (Kim and Little 1990; Christensen and Bonaquist 2005; Park et al. 2014; 
Cao et al. 2017). The fatigue lives of asphalt binders predicted from the LAS data using 
VECD model were reported to correlate well with the field observations of asphalt 
pavements fatigue cracking (Hintz et. al. 2011; Wang et al. 2015). One of the most 
significant merits of VECD is the fatigue behaviors of asphalt materials at various 
loading conditions can be predicted from one single test at a certain testing condition 
(Johnson 2010; Notani et al. 2019; Abdollahi et al. 2020). However, although the LAS 
test and VECD have been successfully used for fatigue characterization of some asphalt 
binders and the results were promising, they have not been applied on the HPABs. It is 
unknown that whether they can accurately characterize the fatigue performance of the 
HPABs.
2. OBJECTIVES
The objective of this study are to (1) select an appropriate VECD model analysis 
protocol for the HPABs, (3) validate the selected analysis protocol by comparing the 
predicted fatigue life of the HPABs with the measured fatigue life from the TS test, and 
(3) characterize the fatigue behaviors of the HPABs using LAS with VECD model.
160
3. VISCOELASTIC CONTINUUM DAMAGE (VECD) MODEL
As previously mentioned, the analysis of LAS data is usually performed using 
VECD model, which had been widely used to characterize the fatigue behaviors of 
asphalt mixtures (Park et al. 2014; Cao et al. 2017). The use of VECD could predict the 
fatigue life of asphalt binder at various loading conditions from a single test run (Hintz et. 
al. 2011). The Schapery’s theory of work potential [Eq. 1] is applied in VECD to model 
the fatigue damage accumulation (Schapery 1984).
-  = ( d~P)a [1]dt \dS J L J
where t is time; S is the damage intensity; a is material constant that represents damage 
evolution rate, which is one of the most essential parameters that affecting the VECD 
analysis results, and will be discussed specifically in the following sections of this study; 
and W is the work performed quantified by dissipated energy, which is represented by 
Eq.2.
W = n - f o 2 • |G*|sm£ [2]
where, f 0 is the shear strain, G* is the complex shear modulus (MPa), 5 is the phase 
angle (°).
Substitute Eq.2 into Eq.1, the damage intensity (S) can be represented by:
5 (t) = ST=i[nfo2(Ci-i -  Ci)]“/(1+“)(ti -  [3]
where, the material integrity (C) is given by normalized |G*|sinS and a power law was 
used to model the relationship between the damage intensity (S) and the material integrity 
(C):
C = 1 -  C1(S)c2 [4]
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where, Ci, and C2 are curve-fit coefficients. Combining Eqs. 1, 2, 3, and 4, a closed-form 
solution between fatigue life (Nf) and expected strain amplitude for the loading condition 
of interest (y) can be obtained:
>. 1+(1-C2)a
Nt7
_  / W
k(nCiC2)a ■(y )
-2a [5]
where, f  is the loading frequency, 10 Hz; Sf is the damage intensity at specimen’s failure, 
which is closely relate to the definition of the sample failure of the test.
4. MATERIALS AND TESTS DETAILS
The asphalt binders evaluated in this study include one unmodified asphalt binder 
(PG 52-28) and three HPABs (i.e., PG 52-40, PG 64-40, and PG 52-46). The binders 
were collected from a supplier in Alaska. The collected asphalt binders were subjected to 
different artificial accelerated aging processes (i.e., rolling thin film oven (RTFO) and 
pressure aging vessel (PAV) processes) for different aging extents. In addition to RTFO 
aging according to AASHTO T240 (2013) and PAV aging according to AASHTO R28 
(2012) (i.e., the RTFO residues were subjected to the PAV aging at 100 °C and 2.1 MPa 
for 20 hours), the PAV aging was also conducted at 100 °C and 2.1 MPa for 40 hours to 
simulate prolonged aging time in the field in Alaska.
The frequency sweep tests at different temperatures (i.e., 5, 15, 15, and 35°C) 
were conducted using a DSR on various asphalt binders at three different aging states 
(i.e., RTFO, 20h PAV, and 40h PAV). The frequency ranged from 0.1 rad/s to 100 rad/s. 
The 8 mm parallel plate geometry with a 2 mm gap was used. The strain control mode 
was used with the strain level controlled at 1% to ensure the linear viscoelastic material
response. The collected complex modulus data at various frequencies were used to 
construct the master curve, with the purpose of obtaining the damage evolution rate, a, as 
will be described in the next section in this paper.
The standard LAS tests were conducted on the studied binders with three different 
aging states (i.e., RTFO, 20h PAV, and 40h PAV) at 10 °C based on AASHTO TP 101 
with the same DSR. The 8 mm parallel plate geometry with a 2 mm gap was used. The 
LAS test consists of two parts, i.e., the frequency sweep and amplitude sweep tests. The 
frequency sweep test was performed at 0.1 percent strain over a range of frequency from 
0.2 to 30 Hz. The amplitude sweep test was conducted by applying an oscillatory shear 
load in strain-control mode at a frequency of 10 Hz linearly increased from zero to 30% 
over the course of the 3,100 cycles of loading. Further, in order to validate the VECD 
model, TS test was also performed at 10 °C on the strain-controlled mode. The chosen 
strain levels for this study are 2.5% and 5%.
5. RESULTS AND ANALYSIS
5.1. SELECTION OF SPECIMEN FAILURE AND DAMAGE EVOLUTION 
RATE DEFINITIONS
The use of VECD model to analyze the LAS data could produce a so-called 
damage characteristic curve, in which the material integrity (C) is the function of damage 
intensity (S). The damage characteristic curve gives hints on the history of the loss of the 
structure intensity (in other words, the accumulation of damage) of asphalt binder under 
repeated shear loading. Theoretically, each asphalt binder should have a unique damage 
curve that it’s independent of test conditions (for example, repeated loading magnitude
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and history and testing temperature). Therefore, the VECD analysis protocol should be 
selected to be experimentally and mathematically sound. According to the background of 
the VECD model (especially as indicated by Eq.5), the Sf which is defined as the damage 
intensity at specimen’s failure and the damage evolution rate (a) are the most two 
essential parameters that determine the VECD modeling results.
Appropriately defining asphalt failure under repeated loading during fatigue test is 
critical for asphalt fatigue characterization. Theoretically, asphalt failure during fatigue 
test should be defined as the degradation of structure intensity within the asphalt body. 
However, it is a hard task to monitor the structure intensity of asphalt along fatigue 
testing (Cao and Wang 2018). Alternatively, phenomenological parameters which 
indicate marked variations in the load bearing capacity have been used (Wang et al.
2015). One of the easiest and most traditional fatigue failure definition of asphalt 
mixtures is the reduction in stiffness of mixtures to a certain level (for example, 50% 
drop in flexural stiffness in the four-point bending beam test (AASHTO T321-14)).
When the LAS test was first introduced (Johnson 2010), the asphalt fatigue failure was 
defined as 35% drop in material integrity (i.e. C=0.65). According to Johnson (2010), this 
failure definition was selected based on the good correlation between the predicted 
fatigue life of asphalt binders and field fatigue performance and has been incorporated 
into the AASHTO specification (ASSHTO TP 101-12). However, studies reported that 
this failure definition was determined arbitrarily and based on a limited number of asphalt 
binders (Hintz et al. 2011; Wang and Cao 2018). It’s applicability on the HPABs is 
questionable. Figure 1 presents the predicted fatigue life (at strain level of 2.5%) of the 
studied HPABs using VECD model with fatigue failure defined as 35% drop in material
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integrity. The damage evolution rate (a) was defined as the slope of the best-fit straight 
line with log ro on the horizontal axis and log storage modulus (G’) on the vertical axis. It 
has been generally accepted that the asphalt binder with more aging extent is brittle 
(therefore more susceptible to fatigue damage) than the one with less aging extent. 
However, as can be seen from Figure 1, for the studied HPABs, the predicted fatigue life 
values did not follow the general accepted rule. For PG 52-40 and PG 64-40, the binder 
subjected to 40 hours PAV showed longer predicted fatigue life than that with 20h PAV 
aging extent. This is contradicting to the common engineering practice and sense.
In addition, the peaks in phase angle x N  (where N  is the number of loading 
cycles) and shear stress x N  have also been used to define failure, and have been shown 
to correlate good with the onset of macro cracking of asphalt mixtures (Castelo et al. 
2008; Zhang et al. 2013; Safaei et al. 2014; Wang et al. 2015). The peak in shear stress x 
N  can be interpreted as the yield threshold of asphalt binder under repeated traffic loading 
and can be thought to be the ultimate damage of asphalt binder (Wang et al. 2015). The 
peak in phase angle x N  can be understood as the point at which corresponds to 
maximum load repetitions that the asphalt binder can bear (Zhang et al. 2013; Safaei et 
al. 2014). The peaks in shear stress x N and phase angle x N are believed to be 
superposition to some extent (Wang et al. 2015). For the HPABs studied in this study, 
however, the peak in phase angle x N  was hard to detected, as shown in Figure 2. The 
number of cycles to failure corresponding to phase angle could not be obtained. It can be 
observed that the measured shear stress exhibited clear peak during the test (Figure 2). In 
addition, in recent years, the concept of pseudo strain energy (PSE) was also used to 
define failure in the LAS test (Wang et al. 2015; Hasan et al. 2019). More detailed
description regarding PSE could be found in literature (Wang et al. 2015). The stored 
PSE and released PSE could be calculated. The stored PSE is defined as the PSE that is 
stored at each loading cycle. The released PSE could be calculated by subtracting the 
stored PSE from the total amount of PSE. Theoretically there should be a maximum store 
PSE as the loading input increases, indicating the failure of the sample. However, for the 
HPABs evaluated in this study, the store PSE peak value could not be detected within the 
designed number of loading cycles for some cases (As shown in Figure 3). Therefore, the 
PSE concept was not used in this study. In sum, using of peak in shear stress x N to 
define asphalt binder failure under repeated loading during LAS test for the studied 
HPABs seems more reasonable than the using of as 35% drop in G*sin 5, phase angle x 
N, and peak in stored PSE x N, and therefore was selected in this study.
Figure 4 presents the number of cycles to failure results of the studied asphalt 
binders based on the fatigue failure definition of peak in shear stress x N. The results 
were checked by using one generally accepted rule: for each asphalt binder the sample 
with more severe aging state should have lower number of cycles to failure. It can be 
seen from Figure 5 that the number of cycles to failure values of a given asphalt binder 
basically decreased with asphalt aging, which is consistent with the rule. Based on the 
above observation, the peak in shear stress x N  can be considered as a promising fatigue 
failure definition during LAS test.
As mentioned previously, the damage evolution rate (a) is defined as a material- 
dependent parameter and it is a key element to appropriately characterize fatigue 
performance of asphalt binder in LAS test. The definition of a = 1+1/m was generally 
used, but the m parameter was defined vary from the maximum slope of relaxation
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modulus versus time in a log-log scale (Johnson 2010; ), to the log-log slope of complex 
modulus (Cao and Wang 2018), and to the log-log slope of storage modulus (Sabouri et 
al. 2018). In some studies (Safaei et al. 2014; Wang et al. 2015) the a was even defined 
as 1/m with m equals to the slope of complex modulus versus frequency in a log-log 
scale. It should be noted that, AASHTO TP101 defines a as 1+1/m with using the 
following procedures to obtain the m parameter:
1. A temperature-frequency sweep test with a strain-controlled mode (0.1% strain) is 
conducted at the desired temperature (the same as the temperature used in the LAS 
test). The frequency ranged from 0.2 to 30Hz including 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 
8.0, 10, 20, 30 Hz.
2. The storage modulus (G’) values at different frequency (ro) are collected.
3. The storage modulus (G’) versus frequency (ro) is plotted in a log-log scare, and a 
slope of best fit line is obtained as m parameter [Eq. 6].
Log (G') = mlog(m) + k [6]
However, studies reported that a calculated based on AASHTO TP101 was 
dependent on the testing temperature and loading history, which was contrary to the 
precondition of the VECD theory that a should be a material-dependent parameter and 
independent on testing conditions (Cao and Wang 2018).
A recent study (Safaei et al. 2016) recommended a new definition of a parameter. 
They proposed that the m parameter can be obtained from the complex modulus master 
curve by fitting the data using the Christensen-Anderson-Marasteanu (CAM) model 
[Eq.7], and indicated that the calculated a (a= 1+1/m) was independent of testing 
conditions and could reveal the damage evolution rate of asphalt binder. Cao and Wang
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(2018) also revealed that defining a parameter as 1+1/m with m obtaining from CAM 
model (Marasteanu and Anderson 1999) could result in damage characteristic curves (S­
C curves) independent of testing temperatures and loading history. In this study, the a 
(a= 1+1/m) was calculated using the CAM model.
.(log2)/M -mR/(l°g2)
G(»)=Gg l1+ ( ? ) ( [7]
where, G(ro) is complex modulus; Gg is glass modulus assumed equal to 1 GPa; ro is the 
reduced frequency (rad/s); roc is crossover frequency; and R is rheological index.
5.2. FATIGUE CHARACTERIZATION OF HPABS
Figure 5 presents the stress-strain relationships of the studied HPABs at different 
aging states from the LAS tests. It can be seen from this figure that the HPABs had 
apparently different response than the unmodified asphalt binder. The unmodified asphalt 
binder (PG 52-28) reached the stress peak at much lower strain level and the peak stress 
value was much higher than the HPABs, regardless of aging states. In addition, it can be 
found from Figure 5 that the HPABs had the lower falling slope than the unmodified 
asphalt binder, indicating lower damage evolution rates after the crack initiates. Figure 6 
shows the damage characteristic curves of the studied HPABs at different aging states at 
a reference temperature of 10°C. As can be seen from Figure 6, the unmodified asphalt 
binder (PG 52-28) had the lowest damage characteristic curve among all the studied 
asphalt binders at each aging state. It has been reported that the relative position of the 
damage characteristic curve is primarily a function of complex modulus (stiffness) of the 
asphalt binder, and a stiffer asphalt binder at intermediate temperature has higher damage
characteristic curve (Cao et al. 2017). Considering the calculations of the materials 
intensity (C) and damage intensity (S) all involved with the stiffness the asphalt binder, 
the relative position of the damage characteristic curve could not provide insights on the 
evaluation and comparison of the fatigue resistance of asphalt binder (Cao et al. 2019).
Figure 7 shows the predicted fatigue lives of the studied HPABs using the VECD 
model at a strain level of 2.5% and 10° C. As shown in Figure 7, the HPABs showed 
higher fatigue lives than the unmodified asphalt binder, regardless of aging states. Within 
a given aging state, the HPAB PG 64-40 showed the highest predicted fatigue life among 
all the studied asphalt binders. In the prospective of the effects of aging on the predicted 
fatigue life, Figure 9 illustrates that the fatigue life of each binder deceased with the 
increase of the aging extent. Comparing the results present in Figure 1, the predicted 
fatigue live based on the selected VECD model obeyed to the common engineering 
practice and sense that asphalt binder with more severe aging extent is more susceptible 
to fatigue damage.
5.3. VALIDATION OF THE SELECTED VECD MODEL ANALYSIS 
PROTOCOL
Firstly, the selected VECD model was phenomenally validated through assessing 
its sensitivity to aging for the commonly used polymer modified asphalt binders in 
Alaska (including PG 58-34, PG 52-34, PG 58-28, and PG 64-28). The results of the 
previous section indicated that the predicted fatigue live of the HPABs based on the 
selected VECD model obeyed to the common engineering practice and sense that asphalt 
binder with more severe aging extent is more susceptible to fatigue damage. To validate 
the VECD model, therefore, the predicted fatigue lives of the other commonly used
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polymer used asphalt binders in Alaska should also obey this rule. Figure 8 shows the 
predicted fatigue lives of the asphalt binders at a strain level of 2.5% and 10°C. As shown 
in this figure, the fatigue lives of all the studied asphalt binders deceased with the 
increase of the aging extent, which obeyed the prementioned rule. In addition, it can be 
observed from Figure 8 that the modified asphalt binders showed higher predicted fatigue 
lives than the unmodified asphalt binders, which were consistent to the field observations 
reported in Liu and Liu (2019).
The VECD model was also validated via comparing the predicted fatigue lives of 
the HPABs from LAS test using Eq. 5 with the measured fatigue lives from TS test. As 
previous mentioned, the TS tests were conducted on the HPABs at 10°C and two strain 
levels (i.e., 2.5% and 5%). In this study, the measured fatigue lives of the HPABs from 
TS were obtained by determined the number of cycles at the stiffness (complex modulus) 
of asphalt reduced by 50%, which is the most commonly used specimen failure definition 
for the TS test (Hasan et al. 2019). Figure 9 presents the comparisons of the predicted and 
measured fatigue lives. It should be noted that the data for PG 64-40 at strain level of 
2.5% was exclude from the figure, because the TS test logistically couldn’t be reached (It 
needs about 10 continuous days to reach the specimen failure point). As shown in Figure 
11, the predicted fatigue lives of the HPABs correlated well with the measured fatigue 
lives from TS test with a coefficient of determination (R2) of 0.95, indicating the LAS 
test with the selected VECD model could effectively predict the fatigue lives of the 
studied HPABs. However, the results for the unmodified asphalt binder, the VECD 




This study characterizes the fatigue performance of the HPABs used in cold 
regions such as Alaska by using the LAS tests with the VECD model. Three HPABs (PG 
52-40, PG 64-40, and PG 52-46) along with unmodified asphalt binder (PG 52-28) were 
evaluated. An appropriate VECD model analysis protocol in terms of the specimen 
failure and damage evolution rate was based on the experimental results. The VECD 
model was validated through assessments on the commonly used polymer modified 
asphalt binders and via correlating the predicted fatigue lives with the measured fatigue 
lives from the TS tests. Based on the testing results, the following conclusions can be 
drawn:
• The peak in shear stress x number of cycles (N) could be used to define asphalt binder 
specimen failure under repeated shear loading during LAS test for the HPABs.
• The damage evolution rate (a) could be defined as 1+1/m with m parameter obtained 
from the complex modulus master curve by fitting the data using the Christensen- 
Anderson-Marasteanu (CAM) model.
• The LAS test with VECD model could effectively predict the fatigue lives of the 
studied HPABs. There was a well correlation between the predicted fatigue lives from 
LAS and measure fatigue lives from TS for the HPABs. The LAS test with VECD 
model could also predict the fatigue lives of the commonly used polymer modified 
asphalt binders in Alaska that obey to the common engineering practice and sense 
that asphalt binder with more severe aging extent is more susceptible to fatigue 
damage.
• Both the LAS and TS tests results showed that the HPABs had better fatigue 
resistance (longer fatigue lives) than the unmodified asphalt binder. The PG 64-40 
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Figure 1 Predicted fatigue life of the HPAB from LAS test based on AASHTO TP101- 
12: failure defined as 35% drop in material integrity
Figure 2 Typical shear stress and phase angle response under repeated loading (20h PAV
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Figure 4 Number of cycles at peak in shear stress x N
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Figure 5 Stress-strain relationships of the studied HPABs at different aging states: (a)
RTFO, (b) 20h PAV, and (c) 40h PAV
175












































# ^ '- 'T
1 •
1 / /  * ------------s .  - 1.̂  X.
f
/ /
— ** — aii-J





Figure 5 Stress-strain relationships of the studied HPABs at different aging states: (a) 
RTFO, (b) 20h PAV, and (c) 40h PAV (cont.)
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Figure 6 Damage characteristic curves of the studied HPABs at different aging states: (a)
RTFO, (b) 20h PAV, and (c) 40h PAV
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Figure 6 Damage characteristic curves of the studied HPABs at different aging states: (a) 
RTFO, (b) 20h PAV, and (c) 40h PAV (cont.)
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Figure 7 Predicted fatigue lives of the studied HPABs based on the selected VECD model
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Figure 9 Comparison of the predicted and measured fatigue lives
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2. CONCLUSIONS AND RECOMMENDATIONS
This study intends to systematically characterize the Alaskan modified asphalt 
binders such as PG 64-40 and mixtures and identify the performance benefits of these 
materials through laboratory tests and field sections monitoring. The thesis contains five 
sections: 1) a comprehensive characterization on the morphologies, chemical and 
rheological properties of modified asphalt binders and mechanical properties of asphalt 
mixtures with these modified asphalt binders. The lab testing results were further 
confirmed through field surveys of recent paving projects constructed in Alaska and data 
from pavement sections in long-term pavement performance database. 2) an investigation 
on the applicability of the multiple stress creep recovery (MSCR) tests to evaluate the 
rutting resistance of Alaskan modified asphalt binders. Within the scope of the study, 
significance of MSCR key testing factors (such as stress level, creep and recovery time 
duration, and number of loading cycle) was assessed through four test methods with 
different testing protocols and procedures. Recommendations for appropriate testing 
procedures and methods for Alaskan modified asphalt binders were provided. 3) an 
evaluation of cracking susceptibility of Alaskan modified asphalt binders using various 
chemical and rheological indices. Fourier transform infrared spectroscopy tests were 
conducted to obtain the chemical index (e.g., Carbonyl Index), and dynamic shear 
rheometer and bending beam rheometer tests were performed to determine rheological 
indices such as the G-R parameter, the crossover frequency, the rheological index (R­
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value), and ATc. 4) an investigation on the connections between the chemical changes by 
oxidation with the rheological parameters. The most effective chemical index to track 
aging and suitable rheological parameters to assess cracking susceptibility for Alaskan 
modified asphalt binders were identified. 5) A study to characterize the fatigue behaviors 
of the Alaskan highly polymerized asphalt binders using newly developed linear 
amplitude sweep (LAS) test with viscoelastic continuum damage (VECD) model. An 
appropriate VECD model analysis protocol for the Alaskan highly polymerized asphalt 
binders was selected. The selected analysis protocol was validated by comparing the 
predicted fatigue life with the measured fatigue life from the time sweep test. The 
following bullet points present the conclusions of this study in details.
• The FTIR spectra and FM morphology results presented the unique chemical 
functional groups of highly polymerized asphalt binders (HPABs) and the distribution 
of polymers in the binders, respectively. The FTIR spectra results showed that trans 
disubstituted -CH=CH= of butadiene block and aromatic monosubstitued C-H of 
styrene block could be found for the all the studied HPABs. Besides, C=C bending 
and C-H bending could be found for PG 64-40. The FM morphology images 
indicated that the HPABs showed significant different morphologies than the UAB. 
The biphasic structure was found for the HPABs. Especially for the PG 52-46, the 
polymer phase was apparently the dominant phase, and the asphalt phase was 
surrounded by the polymer phase.
• The rheological properties evaluation of asphalt binders revealed that the studied 
HPABs outperformed the unmodified asphalt binder not only in low-temperature 
cracking resistance, but also in rutting and fatigue cracking resistances.
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• Asphalt mixtures made with HPABs were found to be more resistant to rutting than 
the mixture with PG 52-28 regardless of the high-end PG of asphalt binder, as 
predicted by the HWT results. The overall low-temperature IDT analysis revealed 
that the asphalt mixtures with HPABs had lower (colder) cracking temperatures than 
the mixture with PG 52-28.
• The field survey in Alaska revealed that the pavements with HPABs obviously 
outperformed the pavements with PG 52-28. Only minor cracks and rutting could be 
observed in the pavements with HPABs. In addition, over 11 years’ performance data 
including rutting, fatigue cracking, transverse cracking of two LTPP sections using 
HPABs (PG 52-40) in Saskatchewan, Canada also confirmed the benefits of HPABs 
to the pavement performance.
• The MSCR test results indicated that the HPABs showed much lower non­
recoverable creep compliance (Jnr) values and higher percent recovery (R) values 
than the neat binder, which indicated that the rutting resistance of the modified 
binders was better than that of the PG 52-28.
• A high stress level (higher than 12.8 kPa) was recommended for PG 64-40 to study its 
non-linear behavior in the MSCR test. The stress sweep test is recommended for the 
future studies to better understand the linear and non-linear behaviors of the Alaskan 
HPABs.
• The Jnr-diff values may not accurately reflect the stress sensitivity of the studied 
HPABs in MSCR. A novel parameter, Jnr-slope, proposed by Stempihar et al. (2017), 
was recommended. However, this needs further verification from field data.
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• The 9 sec. of recovery time period was not sufficient for the HPABs to fully recover 
the recoverable strain. Recovery time period showed a significant effect on the Jnr 
and R values. In addition, 10 loading cycles was found insufficient for Jnr to reach a 
steady state for the HPABs during MSCR test. It was recommended that at least 30 
load cycles be applied at each stress level and that the strain data from the last five 
cycles be used to calculate the Jnr and R values.
• The carbonyl group absorbance peak (area) of the original binders (HPABs) did not 
vary significantly after RTFO aging, which indicated that not much asphalt oxidation 
happened during the RTFO process.
• Carbonyl Index results indicated that the HPABs showed better performance in terms 
of long-term aging resistance.
• Binders from different suppliers could have totally different cracking susceptibility 
and properties even though they have the same performance grade.
• The G-R parameter results indicated the studied Alaskan asphalt binders were not 
susceptible to cracking at long-term aging state (e.g., 20h PAV). However, the ATc 
result revealed that some of the modified asphalt binders reached the damage limit at 
20h PAV aging state.
• Within the scope of the study, the Sulfoxides-related chemical aging indices may not 
be appropriate to be used to detect asphalt oxidation extent because of their 
insensitivity to long term aging duration and the variability of changing rate with the 
increase of aging duration for different binders. Among the evaluated Carbonyl 
related chemical aging indices, the C=O/CH2 was the most effective index because it
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correlated well with rheological indices (e.g., G-R parameter) and was easy to obtain 
with less calculation error.
• The G-R parameter was the most promising rheological index among the evaluated 
rheological parameters (i.e. G-R parameter, R-value, AT, and Nf) to evaluate the 
durability and cracking susceptibility of the Alaskan HPABs because it correlated 
well with the C=O/CH2.
• The peak in shear stress x number of cycles (N) could be used to define asphalt binder 
specimen failure under repeated shear loading during linear amplitude sweep (LAS) 
test for the HPABs.
• The damage evolution rate (a) could be defined as 1+1/m with m parameter obtained 
from the complex modulus master curve by fitting the data using the Christensen- 
Anderson-Marasteanu (CAM) model.
• The LAS test with VECD model could effectively predict the fatigue lives of the 
studied HPABs. There was a well correlation between the predicted fatigue lives from 
LAS and measure fatigue lives from time sweep test for the HPABs. The LAS test 
with VECD model could also predict the fatigue lives of the commonly used polymer 
modified asphalt binders in Alaska that obey to the common engineering practice and 
sense that asphalt binder with more severe aging extent is more susceptible to fatigue 
damage.
The following recommendations are made based on the findings of this study:
• Periodically monitoring field sections with HPABs and control (unmodified) binder 
are recommended to correlate the laboratory testing results and actual field 
performance of modified mixtures with HPABs. More years of field monitoring and
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data collection are recommended to evaluate the long-term performance of pavements 
with HPABs.
• Within the scope of this study, significance of key testing factors (such as stress level, 
creep and recovery time duration, and number of loading cycle) of MSCR was 
assessed through these four testing methods (i.e. Methods I, II, III and IV). More data 
of asphalt binders are needed from future studies and tests, which will be helpful to 
recommend a complete testing protocol and procedures suitable for Alaskan asphalt 
binders.
• Further cracking data from the field are recommended to validate the threshold values 
of the G-R parameter and the selected VECD model analysis protocol for LAS test.
• Within the scope of this study, the rheological and chemical properties of the polymer 
modified asphalt binders were systematically characterized. However, the study has 
not specifically investigated the effects of different polymers on the properties of 
asphalt binders. A future study to look into the interactions between asphalt and 
polymers under different enviromantal conditions such as different aging durations is 
recomemended. The mechanism of the effects of polymers on the aging rate/extent of 
asphalt binders is also recommended.
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